Speciality and microstructured polymer optical FBG sensors by Woyessa, Getinet
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
 You may not further distribute the material or use it for any profit-making activity or commercial gain 
 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 
   
 
 
Downloaded from orbit.dtu.dk on: Mar 29, 2019
Speciality and microstructured polymer optical FBG sensors
Woyessa, Getinet
Publication date:
2017
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Woyessa, G. (2017). Speciality and microstructured polymer optical FBG sensors. Technical University of
Denmark.


April , 2017 
Getinet Taffesse Woyessa  







  
 
 
 
 
 
 
  
 
 
 
 
 
  
 
 
 
 
  
 
 
 
 
 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


 
  
μ μ
500 700 900 1100 1300 1500
10
-1
10
0
10
1
10
2
10
3
10
4
10
5
10
6
F
ib
re
 l
o
ss
 [
d
B
K
m
-1
]
Wavelength [nm]
 Silica [22] 
 Cytop [30]
 D-PMMA [22]
 PMMA [31]
 (a) (b)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.01
0.1
1
Single mode
Multimode 
λ/Λ 
d/Λ 
Air d
Λ
Fibre material  
(a) (b) (c)
(d) (e) (f) (g)
 


𝐷𝑓
𝑉𝑓 𝑉𝑑
𝐷𝑝 
Preform
Furnace 
Preform feeder 
Diameter gauge 
Cane puller 
Capstan Winding spool
Control panel 
Temperature: 200 °C
Feed speed: 2 mm/min
Draw speed: 10 m/min
Diameter  : 150 μm
 
Λwhere  Λ is the period of  the grating 
L   is the length of  the grating
L
 Λ
λbroad
λB
λbroad - λB
where Λ is the grating period
λB    is the Bragg wavelength
λ
λ λ
P
P P
λB
λB

  
Spectrometer 
3 dB coupler
Phase mask
mPOF fibre 
Silica fibre
Variable  
attenuator
UV 
 Laser
Focusing lens
M1 M2
M3 M4
Broadband 
light source 
Inscription setup
Interogation  setup
𝑋𝑋′ 
 𝑋′ 
X'
 
 
Optical 
source 
Sensing
element 
Optical 
detector
 Broadband
light source 
Optical coupler 
FBG
Spectrometer
Measurand induced
Bragg wavelength shift
Measurand

 
  
 
 
  
20mm 20mm
(a) (b)
20 mm 20 mm
10 mm 2 mm
20 mm
(a) (b)
(d) (c)
(e)
Furnace
Preform holder 
Winding spool

 μ μ
50µm
50µm
50µm
50µm
(a) (b)
(c) (d)
 500 550 600 650 700 750 800 850
0
2
4
6
8
10
12
F
ib
re
 l
o
ss
 [
d
B
m
-1
] 
Wavelength [nm]  
PMMA mPOF
 Zeonex 480R mPOF
 PC mPOF
 TOPAS 5013S-04 SIPOF
325 nm He-Cd
UV Laser 
Attenuator
Mirror
Focusing lens 
Fibre rotator  
Phasemask and 
POF   holder
Silica fibre
 
 Diamond film 
Polishing pad
Pressure level
Ferrule
Connectorised
POF with jacket
 SuperK
3dB 
coupler
Spectrometer POFBG
RH 90%             T 80ºC
 
0 2 4 6 8 10 12 14 16 18 20 22
0
10
20
30
40
50
60
70
80
T
em
p
er
at
u
re
 [
°C
]
Time [h]
Temperature 
 RH
0
10
20
30
40
50
60
70
80
90
R
H
 [
%
]
 


 

10 20 30 40 50 60 70 80 90
-35
-30
-25
-20
-15
-10
-5
0
5
Annealed  to 90% RH 
 Annealed  to 70% RH
 Annealed  to 50% RH
 Annealed  to 30% RH
 Annealed  to 10% RH
B
ra
gg
 w
av
el
en
gt
h
 c
h
an
ge
 [
n
m
]
Relative humidity [%]
(b)
600 650 700 750 800 850
34
36
38
40
42
44
46
48
S
en
si
ti
v
it
y 
[p
m
/
%
 R
H
] 
 
Bragg wavelength [nm]
Sensitivity    [45.7510-3  * Bragg Wavelength(nm) + 7.35] pm/%RH
 Linear fit of data points
0.0 0.5 1.0 1.5 2.0 2.5
847.7
847.8
847.9
848.0
848.1
B
ra
gg
 w
av
el
en
gt
h
 [
n
m
]
Time [h]
FBG
 Read temperature
 Read RH
Set RH = 50 %
25
35
45
55
65
75
T
em
p
er
at
u
re
 [
°C
]
48.5
49.0
49.5
50.0
50.5
51.0
51.5
R
el
at
iv
e 
h
u
m
id
it
y 
[%
] 
 
 0 2 4 6 8 10 12 14 16 18
880.0
880.5
881.0
881.5
882.0
B
ra
gg
 w
av
el
en
gt
h
 [
n
m
] 
Time [h]
PC mPOFBG
 Read Temperature
(a)
@ 90 %RH
20
30
40
50
60
70
80
90
100
T
em
p
er
at
u
re
 [
°C
]
 
 
 
 
 
50µm 50µm
(a)
(a)
(b)


 
  
 
Zeonex: ~ 100µm
PMMA: ~ 25µm

  

 
 
 
 
 
 
 
 
 
 

BIBLIOGRAPHY 
APPENDIX A                       COLLECTION OF PAPERS  
APPENDIX A                       COLLECTION OF PAPERS  
 
Temperature insensitive hysteresis free highly 
sensitive polymer optical fiber Bragg grating 
humidity sensor 
Getinet Woyessa,1,* Kristian Nielsen,1 Alessio Stefani,1,2 Christos Markos,1,3 and Ole 
Bang1 
1Department of Photonics Engineering, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark 
2 Institute of Photonics and Optical Science (IPOS), School of Physics, The University of Sydney, NSW 2006, 
Australia 
3 CREOL, The College of Optics & Photonics, University of Central Florida, 4000 Central Florida Blvd., Orlando, 
FL 32816, USA 
*gewoy@fotonik.dtu.dk
Abstract: The effect of humidity on annealing of poly (methyl 
methacrylate) (PMMA) based microstructured polymer optical fiber Bragg 
gratings (mPOFBGs) and the resulting humidity responsivity are 
investigated. Typically annealing of PMMA POFs is done in an oven 
without humidity control around 80°C and therefore at low humidity. We 
demonstrate that annealing at high humidity and high temperature improves 
the performances of mPOFBGs in terms of stability and sensitivity to 
humidity. PMMA POFBGs that are not annealed or annealed at low 
humidity level will have a low and highly temperature dependent sensitivity 
and a high hysteresis in the humidity response, in particular when operated 
at high temperature. PMMA mPOFBGs annealed at high humidity show 
higher and more linear humidity sensitivity with negligible hysteresis. We 
also report how annealing at high humidity can blue-shift the FBG 
wavelength more than 230 nm without loss in the grating strength. 
©2016 Optical Society of America 
OCIS codes: (130.5460) Polymer waveguides, (060.3735) Fiber Bragg gratings, (060.2370) 
Fiber optics sensors. 
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1. Introduction
The interest in polymer optical fibers (POFs) in sensing is steadily increasing because of their 
low processing temperature, high flexibility in bending, high fracture toughness, ease of 
handling, and non-brittle nature, which are properties that glass fibers do not have [1,2]. In 
addition, POFs are biocompatible and have a high elastic strain limit and low Young’s 
modulus, which makes them advantageous for fiber Bragg grating (FBG) based strain and 
bio-sensing applications [3–8]. Some polymers, such as PMMA, are humidity sensitive and 
strongly absorb water [9–11], while other polymers, such as TOPAS, were shown to be 
insensitive to humidity [12,13]. Due to the moisture absorbing capability of PMMA based 
POFs, which leads to a change in the refractive index and size of the fiber, both of which 
contribute to a change in Bragg wavelength [9], they are used for developing humidity 
sensors [10,11]. Papers on PMMA POFBGs humidity sensors have so far reported different 
sensitivities to humidity and shown a strong dependence of the humidity sensitivity on the 
operating temperature and very low sensitivity at high temperature [14,15]. 
It is important to develop POFBG humidity sensors with a high sensitivity to humidity, no 
hysteresis in the humidity response and no cross-sensitivity to temperature. Likewise it is 
important to have a detailed knowledge of the humidity responsivity when designing all other 
types of POFBG sensors, in order to eliminate the cross-sensitivity to humidity. Here we 
address this issue by thorough characterization of PMMA mPOFBGs in a controlled 
environment in a climate chamber. It is well-known that prior annealing at a temperature 
close to, but below the glass transition temperature of the polymer, is important for stable and 
hysteresis free temperature and strain sensing with PMMA POFBGs [16]. Typically the 
recommended annealing temperature for PMMA POFBGs is around 80°C for more than 12 
hours. At this temperature in a standard oven the relative humidity is very low, usually less 
than 10%. In prior investigations the humidity was thus low and not controlled during 
annealing. In this work, we demonstrate that humidity control during the annealing process of 
PMMA POFBGs plays a significant role in achieving high-quality humidity sensors that fulfil 
the above listed criteria and that in fact the relative humidity (RH) level during annealing 
should be high, preferable more than 90%. 
2. Experiments and Results
To investigate the effect of humidity on annealing of PMMA mPOFs and the resulting 
humidity responsivity we prepared five identical 850 nm mPOFBGs using the phase mask 
technique. The fibers used in these experiments are PMMA mPOFs, from the same drawing, 
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fabricated at DTU Fotonik. The diameter of the fibers is 150 μm and the hole diameter and 
the pitch size are 1.5 μm and 4.2 μm, respectively. The hole to pitch ratio is 0.36 ensuring that 
the fiber is endlessly single mode [17,18]. A microscope image of the mPOF end facet, which 
was cleaved with a custom made cleaver at a temperature of 73°C of both blade and fiber 
[19], is shown as in Fig. 1. 
We have conducted 5 series of experiments. In all experiments the PMMA mPOFBG was 
first connectorized with a single mode silica patch cable [20] and then placed in a climate 
chamber (CLIMACELL, MMM Group). A supercontinuum source (SuperK Compact, NKT 
Photonics) has been used as a light source and a spectrometer (CCS175 - Compact 
Spectrometer, Thorlabs) has been used to continuously track the peak of the grating during 
annealing in the climate chamber. Figure 1 shows the experimental setup for the humidity 
controlled annealing of PMMA mPOFBGs. 
Fig. 1. Experimental setup for annealing and humidity response measurement of PMMA 
mPOFBGs. Inset: microscope image of the end facet of PMMA mPOF. 
For all 5 experiments we first took the climate chamber to the ambient conditions, defined 
as 25°C and 50% RH and then carried out three annealing phases: pre-annealing, annealing 
and post-annealing. The pre-annealing phase consisted of 2 steps, in which the temperature 
and relative humidity were first kept at the ambient condition for two hours, after which the 
relative humidity was decreased to 10% at a fixed temperature of 25°C and kept there for 
three hours. The annealing phase always involved taking the temperature to 80°C and keeping 
it fixed at 80°C it during a pre-determined relative humidity sequence. The post-annealing 
phase always consisted of taking the temperature and the relative humidity back to the 
ambient condition and keeping them there for 10 hours. Thus, for all 5 experiments, the 
annealing process was started and ended at ambient conditions. This precise control of initial 
and final state of the mPOFBG is extremely important in order to determine and compare the 
amount of blue-shift introduced by the five series of experiments without ambiguity. It is also 
very important that the post-annealing phase, after which sensitivity measurements were 
performed, always brought the mPOFBG to the same stable ambient condition (therefore the 
rather long post-annealing time of 10 hours), in order to be able to compare the relative 
humidity sensitivities measured in the five experiments. 
For the first experiment the annealing phase was as follows: the temperature of the 
chamber was increased to 80°C, keeping the relative humidity at 10%. When the rate of blue-
shift of the mPOFBG became less than 0.3 nm/hour, which we defined as mPOFBG 
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equilibrium condition, the RH of the chamber was increased to 30%. When the rate of blue- 
shift of the mPOFBG again became less than 0.3 nm/hour the RH of the chamber was 
increased to 50%, then to 70%, and 90%, each time when the mPOFBG reached equilibrium 
condition. The exact same experiment was then repeated with a new identical mPOFBG, but 
stopping the annealing phase at 70%, 50%, 30% and 10% RH, respectively. The results of the 
five humidity controlled annealing experiments are reported in Fig. 2. 
Fig. 2. Complete annealing process of PMMA mPOFBGs annealed at 80°C and up to a relative 
humidity of 90% (black), 70% (red), 50% (blue), 30% (pink) and 10% (green). The relative 
humidity sequence is shown only for the pre-annealing and annealing phases. 
As it can be seen from Fig. 2, during the annealing phase the first rapid blue-shift is due to 
the temperature being increased from 25°C to 80°C (at fixed RH of 10%). This shows that 
initially the fiber was releasing the frozen-in stress induced during the fabrication process 
very fast. After 20 hours the blue-shift rate had decreased to 0.3nm/hour for all cases and the 
humidity was increased to 30% for the first four cases. It can be seen that as the RH was 
increased by 20%, the rate of blue-shift abruptly increased. This abrupt increase became 
higher the higher the RH level was and led to very large blue-shifts. Thus, for the higher RH 
levels, such as 70% and 90%, not only the rate of the blue-shift was faster but also the amount 
of the shift was larger. The total blue-shift for the mPOFBG annealed up to 90% was more 
than 230nm. 
After each series of annealing experiment the humidity response of the mPOFBG sensor 
has been measured at three different temperatures: 25°C, 50°C and 75°C, in the interval of 
10-90% RH, where the environmental chamber had greatest stability with a precision less 
than 0.3°C and 1% RH. For each temperature level, the humidity measurement has been done 
first by increasing the RH from 10% to 90%, with steps of 10% and then decreasing it from 
90% to 10% with 10% steps. For both cases, the chamber was programmed to change the RH 
gradually over 30 mins and then to maintain the environmental conditions stable for 60 mins. 
Hence, the total time allowed before increasing or decreasing the relative humidity by 10% 
was 90mins. The response of the PMMA mPOFBG annealed to 90% RH for both increasing 
and decreasing relative humidity at 25°C is shown in Fig. 3(a). Figure 3(b) shows the 
comparison between humidity measurement at 25°C of the stabilized PMMA mPOFBGs that 
have been annealed to 90% and 10% RH. 
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Fig. 3. (a) Measured humidity response at 25°C of PMMA mPOFBG annealed up to 90% RH 
versus time and humidity. The steps are defined in the text. (b) Corresponding stabilized 
response of the PMMA mPOFBGs annealed up to 90% and 10%. 
The humidity sensitivity calculated by linear regression for the above humidity 
measurements are summarized in Fig. 4 for both increasing (circles) and decreasing (squares) 
humidity. The PMMA mPOFBG annealed up to 90% RH demonstrated the largest sensitivity 
to humidity, at all three temperature levels, while the one annealed only up to 10% RH had 
the lowest sensitivity. 
Fig. 4. Humidity sensitivity at 25°C and 50°C for PMMA mPOFBGs annealed to 90%, 70%, 
50%, 30% and 10% RH and at 75°C for PMMA mPOFBG annealed to 90%. 
The PMMA mPOFBG annealed up to 90% RH not only had the largest sensitivity, but 
also the lowest level of hysteresis, i.e., the smallest difference in sensitivity to humidity 
between the forward and reverse experiments. Importantly, the humidity sensitivity of the 
90% mPOFBG is also to a good approximation temperature independent over the range of 25-
75°C. From Fig. 4 it is important to notice that the hysteresis is considerably increased for 
mPOFBGs that have been annealed at lower levels of humidity. In addition these mPOFBGs 
annealed at low humidity also display a non-stable humidity response with a hysteresis that 
increases with operation temperature and a sensitivity that decreases with temperature. 
At 75°C the PMMA mPOFBG annealed up to 90% measured a sensitivity of 35.19 ± 2.46 
and 35.32 ± 2.54 pm/% RH, for increasing and decreasing humidity, respectively. Even at this 
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temperature the response thus to a good approximation hysteresis free. In contrast the other 
PMMA mPOFBGs annealed at a lower humidity showed a strong nonlinear decrease in the 
Bragg wavelength when the RH reached just above the annealing RH level as can be seen in 
Fig. 5. This showed that mPOFBGs annealed at low humidity or non-annealed mPOFBGs 
cannot be used for humidity sensing above a certain temperature level. Even if they were used 
only at low temperatures, their sensitivity to humidity is low, as seen in Fig. 4. 
Fig. 5. Humidity responsivity at 75°C of PMMA POFBGs annealed up to 90%, 70%, 50%, 
30%, and 10% RH. 
In the above investigation and comparison between the performances of mPOFBGs 
annealed at different levels of humidity, we identified the mPOFBG annealed up to 90% RH 
as the one having the by far superior performance, i.e., the largest humidity sensitivity, the 
highest operation temperature, and the smallest hysteresis. The total annealing phase time of 
that mPOFBG was over 150 hours. Of course this can be shortened significantly by just 
directly annealing the mPOFBG at 90% RH and 80°C. 
To demonstrate this we have done a sixth experiment. A new PMMA mPOFBG was 
inscribed at 850 nm in the same fiber type used for the above 5 series of experiments and 
annealed at constant 90% RH and 80°C, while tracking the Bragg wavelength. From Fig. 6(a) 
we see that the Bragg wavelength blue-shifted rapidly and took only about 24 hours to reach 
an equilibrium condition, which we defined earlier as when the rate of blue-shift has 
decreased to 0.3 nm/hour. It should be noticed that also in this case, coherently with the first 
experiment, the mPOFBG showed a permanent 235 nm blue-shift (in 24hours only), which is 
a record tuning of a POFBG without compromising the grating strength [21]. Figure 6(b) 
shows the amount of permanent blue-shift and strength of the PMMA mPOFBG recorded at 
ambient conditions before and after annealing at 80°C and 90% RH. This method of 
annealing at high humidity can therefore also be used to produce stable and strong gratings at 
short wavelengths where phase masks become more inefficient and expensive. 
#253345 Received 5 Nov 2015; revised 30 Dec 2015; accepted 4 Jan 2016; published 14 Jan 2016 
(C) 2016 OSA 25 Jan 2016 | Vol. 24, No. 2 | DOI:10.1364/OE.24.001206 | OPTICS EXPRESS 1211 
Fig. 6. (a) Annealing history of PMMA mPOFBGs annealed at 80°C and 90% RH. (b) Bragg 
reflection of PMMA mPOFBG before and after annealing at 80°C and at 90% RH both 
normalized to the non-annealed grating. 
To test the responsivity of the annealed sensor humidity measurement has also been 
performed for this PMMA mPOFBG with the same procedure as used previously. For this 
PMMA mPOFBG the sensitivities returned by linear regression at 25°C, 50°C, and 75°C are 
35.45 ± 2.58, 35.31 ± 2.49, and 35.17 ± 2.51 pm/%RH for increasing humidity and 35.50 ± 
2.58, 35.43 ± 2.50, 35.28 ± 2.52 pm/%RH for decreasing humidity, respectively. These 
figures show that the humidity responsivities are in agreement with the mPOFBG annealed up 
to 90%RH in the early experiment. Therefore, by annealing a POFBG at fixed 90% RH and 
80°C for only 24 hours it is possible to develop a stable humidity sensor that is able to operate 
between 25 and 75 °C in the range of 10-90% RH. The specific Bragg wavelength change 
versus increasing relative humidity at the three temperatures is plotted in Fig. 7. 
Fig. 7. Bragg wavelength change versus increasing in relative humidity at 25°C, 50°C and 
75°C. 
3. Conclusion
Our controlled annealing experiments have shown that when PMMA POFBGs are annealed at 
a given temperature and humidity the FBG wavelength shifts to the blue. The shift rate 
continuously decreases and eventually the shift stops. However, we have shown that when the 
humidity is again increased the blue-shift starts again at a higher rate than before and giving a 
larger total blue-shift. The rate increase and the total shift become larger with increasing 
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humidity. This shows that a high humidity level is very important in facilitating the annealing 
process. 
PMMA POFBGs that are not annealed or annealed at a low humidity level have been 
shown to have low sensitivity to humidity and high hysteresis, particularly when operated at 
high temperature. PMMA POFBGs annealed at low humidity or not annealed therefore 
cannot be used for humidity sensing above a certain temperature level. Even if they are used 
at low temperature, they have a small sensitivity to humidity and high hysteresis. On the other 
hand, PMMA POFBGs annealed at high humidity (90% RH) have been demonstrated to have 
a superior response with a very low hysteresis, an improved sensitivity, and an increased 
stable operation temperature. PMMA POFBGs annealed at 80°C and 90% RH gave the same 
sensitivity, 35 pm/%RH, at 25, 50 and 75°C. 
Finally, we have demonstrated that by annealing PMMA POFBGs for 24 hours at 80°C 
and 90% RH it is possible to tune the FBG wavelength, without loss in the grating strength, 
by a huge amount. This allows production of gratings at short wavelengths where POFs show 
lower loss but where the phase mask technique poses limitations in terms of efficiency and 
costs. 
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Solution-Mediated Annealing of Polymer Optical
Fiber Bragg Gratings at Room Temperature
Andrea Fasano, Getinet Woyessa, Jakob Janting, Henrik K. Rasmussen, and Ole Bang
Abstract— In this letter, we investigate the response of
poly(methylmethacrylate) (PMMA) microstructured polymer
optical fiber Bragg gratings (POFBGs) after immersion in
methanol/water solutions at room temperature. As the glass
transition temperature of solution-equilibrated PMMA differs
from the one of solvent-free PMMA, different concentrations
of methanol and water lead to various degrees of frozen-
in stress relaxation in the fiber. After solvent evaporation,
we observe a permanent blue-shift in the grating resonance
wavelength. The main contribution in the resonance wavelength
shift arises from a permanent change in the size of the fiber. The
results are compared with conventional annealing. The proposed
methodology is cost-effective as it does not require a climate
chamber. Furthermore, it enables an easy-to-control tuning of
the resonance wavelength of POFBGs.
Index Terms— Annealing, plastic optical fiber, optical fiber
sensors, Bragg gratings, polymers, absorption.
I. INTRODUCTION
SENSING devices such as fiber Bragg gratings (FBGs)based on polymer optical fibers (POFs) bring about
various advantages over their counterparts made of silica.
They offer an increased sensitivity to stress due to a con-
siderably lower Young’s modulus and a wider range of
strains available [1], [2]. Also, polymer optical fibers are
ideal candidates for in-vivo biosensing applications [3]–[5]
due to their non-brittle nature, flexibility in bending and
biocompatibility. Further advantages are ease of handling,
low densities, and low processing temperatures, as well as
flexibility in the production process (choice of functional
group, polymerization method, etc.) [1], [2]. Poly(methyl
methacrylate) (PMMA) is the most common material for
polymer optical fiber Bragg gratings (POFBGs) [6]–[8]. How-
ever, for more specific purposes, such as humidity insensitiv-
ity, low attenuation, and high-temperature resistance, TOPAS
(COC, cyclic olefin copolymer) [9], CYTOP (an amor-
phous fluoropolymer) [10], and polycarbonate (PC) [11]
POFBGs, respectively, have been developed.
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One particular problem associated with the use of POFBGs
is their limited thermal stability at temperatures even much
lower than their glass transition temperature (Tg) [12]. To over-
come this problem, proper annealing is typically required.
Annealing of POFs and POFBGs has recently been the subject
of an increasing number of studies [12]–[16]. This process has
proved well in enhancing the thermal stability and widening
the range of linear temperature response of POFBGs [12], [13].
The recently published papers by Woyessa et al. [15] and
Stajanca et al. [16] focus on how the particular value of
relative humidity (RH) at which annealing is carried out can in
fact affect the properties of PMMA POFs and POFBGs. The
RH effect is due to the fact that water acts as a plasticizer
for PMMA and lowers its Tg [16], [17]. Such investigations
consider the effect of RH when the annealing temperature
is itself particularly high, about 80-90 °C. This effect is
huge because of the elevated annealing temperature [15], [16].
Zhang et al. [8] also studied the effect of RH on the wave-
length drift of PMMA-based POFBGs, but this mechanism
was caused by the optical absorption increasing with RH,
which led to an increase in internal temperature due to
photothermal effect.
Early investigations showed that, when PMMA is at equilib-
rium with water, the Tg of the polymer is lowered by approxi-
mately 20 °C compared to the dry one [17]. Given that the Tg
of PMMA is typically 105-115 °C [14], [16], its minimum
actual Tg at saturation ranges between 85 °C and 95 °C.
Similar considerations apply to several other polymer-solvent
combinations. Indeed, the Tg of a polymeric material equili-
brated with one or more solvents may be different from that
of the pure polymer. To an extent that depends on the specific
way polymer and solvent/solution interact. For instance, if a
swelling agent for PMMA is used, such as methanol, the actual
Tg of the polymer-solution system at equilibrium can go down
to room temperature [18].
The present work is based on the following idea: why not to
generate an effect equivalent to conventional annealing simply
by lowering the actual Tg of the polymer to such an extent
that room temperature ‘matters’ energetically? In other words,
immersing a PMMA fiber in methanol/water solutions at room
temperature may have an effect akin to annealing a solvent-
free fiber at high temperature and controlled humidity. There-
fore, instead of increasing the local temperature to approach
Tg in a climate chamber at controlled RH, here we want to
observe a comparable effect by using a suitable Tg–lowering
solution. In particular, the specific aim of this work is to
investigate the relaxation of PMMA microstructured polymer
1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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optical fiber Bragg gratings (mPOFBGs) when immersed in
methanol/water solutions. As a consequence of the solution
concentration dependence of the Tg, varying methanol/water
ratio implies changing the Tg of the PMMA fiber when equi-
librated with the solution, which results in different degrees of
frozen-in draw stress relaxation. The solution-based annealing
is cost-effective as it does not require a climate chamber.
It would reduce the overall cost of POFBG sensor development
and it is also better suited for large-scale production processes
than annealing in a climate chamber.
II. SOLUTION-MEDIATED ANNEALING METHOD
Early studies by Williams et al. focused on the effect of the
presence of methanol on the Tg of PMMA [18]. Depending
on the weight-average molecular weight (Mw), for methanol-
equilibrated PMMA systems they found a Tg ranging from
20 °C (Mw = 23500 g/mol) to 30 °C (Mw = 550000 g/mol).
The weight-average molecular weight can be thought of as an
average polymer chain length. Since PMMA polymers optimal
for the fiber draw process have an Mw being within this
range [14], [19], the Tg of a PMMA-based optical fiber
equilibrated in methanol corresponds to room temperature.
When heated up close to its actual Tg, a polymer fiber tends
to relax frozen-in draw stresses. This can affect the dimen-
sional stability of the fiber and therefore limit its operating
temperature to values well below the theoretical ones. Heating
up an unannealed fiber to even modest temperatures during
operation can yield a permanent blue-shift in the resonance
wavelength of Bragg gratings [12]. Furthermore, their optical
and mechanical properties may also be affected [14], [16].
As a result of the polymer fiber draw process, polymer chains
are aligned along the drawing direction, which leads to the
formation of frozen-in stress in the fiber. Such degree of
alignment depends on the draw stress applied to the pre-
form (1-stage drawing) or both preform and cane (2-stage
drawing) [14], [16], [19]. After drawing, polymer chains are
in a non-equilibrium configuration and have the tendency
to move back toward the original state as soon as they
are provided with enough energy to do so. The higher the
temperature, the greater the rearrangement of the polymer
chains relaxing the frozen-in draw stresses. The relaxation is
typically accompanied by a change in dimension of the fiber,
i.e. shrinkage in the axial direction as well as an increase
in diameter [12], [14], [16]. Considering that the relaxation
occurs when the local temperature approaches Tg, we can
theoretically obtain an effect similar to annealing if we simply
lower the Tg of a PMMA fiber by immersing it in a methanol-
based solution at room temperature. The literature reports the
use of methanol to facilitate the doping of PMMA canes for
fiber drawing with various compounds, e.g. benzyl dimethyl
ketal (BDK) [20] and rhodamine 6G [21]. However, pure
methanol cannot be directly used for fibers, since the very
low Tg would lead to an excessive draw stress relaxation in
PMMA mPOFBGs. This effect is much less pronounced at the
cane level, as at this stage the polymer canes are thicker and
the polymer chains are less oriented than in the final fiber.
The best way to obtain a sufficiently low Tg but not too
close to room temperature is to use a proper diluent, similarly
TABLE I
INITIAL BRAGG WAVELENGTH FOR THE DIFFERENT EXPERIMENTS
to what is done in annealing using a climate chamber where
the temperature is high but lower than Tg [15], [16]. Water
represents a good candidate in this regard, as it is miscible with
methanol and, as already mentioned, the Tg of water-saturated
PMMA is known from the literature to be about 20 °C lower
than that of the pure polymer [17]. As a result, the addition
of water to a methanol-based solution is expected to increase
the Tg of PMMA fibers equilibrated with the solution.
III. EXPERIMENTS AND RESULTS
An in-house made 2-ring PMMA mPOF was used in the
experiments. The microstructured fiber was manufactured at
DTU Fotonik from GEHR PMMA rods (glass transition of
the bulk material being 106 °C) by using the drill-and-draw
technique [19]. It had an average diameter of approximately
150 µm and an 8-µm core. The average draw temperature and
draw stress were 190 °C and 10 MPa, respectively. The hole
diameter and pitch size were 2 µm and 5 µm, respectively.
The resulting hole to pitch ratio of 40% ensured that the
fiber was endlessly single mode [22]. Bragg gratings were
inscribed into the fiber by using a CW HeCd laser operating
at 325 nm (IK5751I-G, Kimmon). We used the phase mask
method for grating writing and an inscription setup being the
same as the one reported in Bundalo et al. [23]. For inscription,
a laser power of 20 mW and a custom-made phase mask by
Ibsen Photonics A/S, optimized for writing at 325 nm and
having a uniform period of 572.4 nm, were used. Six FBGs
were inscribed in six PMMA mPOFs from the same fiber
draw and tested in solutions at three different volumetric
concentrations (v/v) of methanol/water, 50:50%, 60:40%, and
70:30% (uncertainty of 1% v/v). The grating behavior in
each solution was tested with two different FBGs. The initial
resonance wavelength of the gratings used in the experiments
is reported in Table I. Note, the small differences in initial
Bragg wavelength are due to the slightly different pre-strain
levels applied during the grating inscription. CHROMASOLV
methanol (Sigma-Aldrich, purity ≥ 99.9% by weight) and
Milli-Q water were used. In both cases, 10 ml solutions
were prepared in 10 ml graduated cylinders that were sealed
at the top with Parafilm to avoid evaporation during the
measurements. We used a supercontinuum source (SuperK
Compact, NKT Photonics) as the light source and a spectrom-
eter (CCS175 – Compact Spectrometer, Thorlabs) to track the
reflection peak continuously throughout the experiments. The
FBGs were immersed and kept in the respective solutions as
long as the relaxation continued. Fig. 1 shows an example of
a Bragg grating peak monitored during the experiments. Three
different phenomena were expected to occur: solution absorp-
tion (red-shift) and frozen-in stress relaxation (blue-shift)
while the grating was immersed in the solution, and desorption
(blue-shift) as well as some residual relaxation (blue-shift)
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Fig. 1. Normalized Bragg reflection spectrum monitored throughout the
experiments at room temperature. Stress relaxation and solution absorption-
desorption phenomena interplay and contribute to the observed overall shift.
Fig. 2. Fiber Bragg grating wavelength versus methanol (MeOH) volumetric
concentration. Note, a few experimental data were missing due to high
reflection noise and were recovered by fitting (represented by dotted lines).
once the fiber was removed from the solution. The FBGs were
taken out of the solution once the rate of Bragg reflection
wavelength blue-shift was ∼ 0.4 nm/hour (absolute value),
after which the desorption-evaporation of the solution was
monitored.
Fig. 2 shows an example of the Bragg grating wavelength
as a function of time for a PMMA mPOFBG immersed in a
solution of methanol and water 50:50% for 64 hours (stopping
criterion met), after which the grating was removed from
the solution and monitored for further 13 hours to study the
grating response during solvent evaporation. In this experiment
the overall resonance wavelength shift obtained after solvent
evaporation was −50.0±3.0 nm (error expressed in terms
of standard deviation). The absorption of the methanol/water
solution changed both refractive index and fiber size. Since
the shift was large and permanent (same value after one
week), the observed behavior must be due mainly to a
permanent change in the size of the fiber, as already seen
in high-temperature annealing of polymer optical fibers and
sensors [12], [14], [16]. An initial red-shift in Bragg wave-
length was observed, with a maximum of 1.5±0.1 nm after
approximately 100 minutes, because of the swelling dom-
inating the chain alignment relaxation at the beginning of
the experiment. This was the result of a temporary positive
balance between red-shift due to solution-mediated swelling
and blue-shift caused by chain alignment relaxation. However,
after about 8 hours the total shift referred to the initial Bragg
wavelength became constantly negative. This corresponded
to the tendency towards relaxation becoming stronger and
Fig. 3. Shrinkage and Bragg wavelength shift versus MeOH concentration.
The fibers and gratings were checked after one week and both shrinkage and
resonance wavelength shift were permanent. The dotted line represents the
trend of the rate of Bragg wavelength shift within the range 50-70% v/v.
stronger after an initial lag phase due to the initial diffusion of
the solution into the fiber. However, the real contribution due
to absorption-swelling, which would lead to a much greater
red-shift than the observed one, was hidden by the incipient
relaxation (blue-shift). This can easily be seen in Fig. 2,
where the rapid solvent evaporation upon FBG removal from
the solution corresponds to a sudden and sharp blue-shift of
the resonance wavelength. The fast evaporation process was
facilitated by the small diameter of the fiber. The further down-
shift occurred after removal of the Bragg grating from the
solution was measured to be −15.0±1.6 nm at the end of
the experiment. The shift was toward blue as the evaporation
implied further fiber shrinkage. The mild decrease observed
after the sharp downward jump in resonance wavelength
was due to solvent evaporation and some residual relaxation
becoming less and less important as the evaporation went on.
To obtain a measurement of the corresponding fiber shrink-
age, we repeated the in-solution annealing experiments apply-
ing similar conditions to four PMMA mPOFs from the same
draw. Fig. 3 shows the permanent values of both shrink-
age (stars) and Bragg wavelength shift (circles). At 50% v/v
of methanol the average fiber shrinkage was 5.25±0.20%.
Fig. 2 further shows the Bragg grating wavelength as a
function of time for two PMMA mPOFBGs being immersed
in a solution methanol/water 60:40% v/v and 70:30% v/v for
33 hours and 24 hours, respectively, and further monitored for
9 hours during desorption-evaporation of the solution once
the gratings were removed from the solution. Three main
differences with respect to the case 50:50% can be noticed.
First, the relaxation process was clearly faster than in the pre-
vious case due to the higher concentration of methanol, since
methanol is a stronger swelling agent for PMMA than water.
In particular, the relaxation speed increased with methanol
concentration. Second, as expected the overall Bragg wave-
length shifts were considerably higher in absolute value, being
−80.3±2.4 nm and −111.6±3.2 nm for 60% and 70% v/v of
methanol, respectively (Fig. 3). The dispersion in the data can
be due to the uncertainty in solution concentration as well
as to fluctuations in room temperature and fiber diameter.
Fig. 3 shows that also the fiber shrinkage increased with
methanol concentration, being 8.13±0.25% and 12.69±0.13%
for the experiments at 60% and 70% v/v, respectively. Third,
probably because of the relaxation occurring very fast, in these
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TABLE II
IMPROVED THERMAL STABILITY OF IN-SOLUTION
ANNEALED PMMA mPOFs
two cases only a slight initial red-shift in Bragg wavelength
was observed, although the desorption curves during solvent
evaporation were steeper, as can be easily seen in Fig. 2.
Note, the final Bragg wavelength shifts obtained in the cases
60% and 70% v/v are comparable with the ones obtained
by annealing at 80 °C in a climate chamber at 30% RH
(−76.2 nm [15]) and 70% RH (−136.5 nm [15]), respectively.
Also, similarly to conventional annealing [15], in all the three
cases (50%, 60% and 70% v/v of methanol) there was no
significant loss in grating strength, as it was lowered by 2 dB
at the most.
In Fig. 3 it can also be seen that a decrease in resonance
wavelength by about 3 nm can be expected if we run the
experiment with a methanol concentration being increased
by 1% within the range 50%-70% v/v (dotted line). This
value can be used to calculate the solution concentration
approximately required to tune the resonance wavelength of
PMMA POFBGs down to a specific spectral region of interest.
We further tested the previously treated fibers together
with four PMMA mPOFs from the same draw in a climate
chamber (CLIMACELL, MMM Group) at 80 °C and 50% RH
for 48 hours. The length of each fiber was measured before
and after the experiment. The results are reported in terms of
shrinkage in Table II. The shrinkage was significantly lower for
the fibers annealed in solution compared to unannealed fibers,
and it decreased with increasing methanol/water ratio used for
the in-solution treatment. This shows that the proposed method
can lead to enhancing the thermal stability of PMMA fibers.
IV. CONCLUSION
The possibility of relaxing stresses frozen in the PMMA
fibers by using methanol/water solutions was demonstrated.
By immersing two-ring PMMA mPOFBGs in solutions at
various concentrations of methanol and water, it was pos-
sible to obtain significant and permanent Bragg wavelength
blue-shifts at room temperature. The thermal stability of the
PMMA mPOFs was seen to be improved as a consequence
of the solution-mediated annealing. This technique does not
require the use of a climate chamber, and it is easy to control
and implement. In addition, if an appropriate combination of
solvents is used, the solution-based annealing method may also
be applied to other polymers such as TOPAS and PC.
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Abstract: Here we present the fabrication of a solid-core microstructured 
polymer optical fiber (mPOF) made of polycarbonate (PC), and report the 
first experimental demonstration of a fiber Bragg grating (FBG) written in a 
PC optical fiber. The PC used in this work has a glass transition temperature 
of 145°C. We also characterize the mPOF optically and mechanically, and 
further test the sensitivity of the PC FBG to strain and temperature. We 
demonstrate that the PC FBG can bear temperatures as high as 125°C 
without malfunctioning. In contrast, polymethyl methacrylate-based FBG 
technology is generally limited to temperatures below 90°C. 
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1. Introduction 
Polymer optical fiber (POF) sensors offer several advantages over their silica-based 
counterpart. First of all, POFs have a larger strain range available and an increased sensitivity 
to stress due to a considerably lower Young’s modulus [1,2]. Young’s modulus is in the range 
68-74 GPa for silica glass, 2.2-3.8 GPa for polymethyl methacrylate (PMMA), and 2.0-2.4 
GPa for polycarbonate (PC) [3]. Because of their biocompatibility, flexibility in bending, and 
non-brittle nature, POFs represent ideal candidates for in-vivo biosensing applications [4–7]. 
Another attractive characteristic of POFs lies in the possibility to detect different chemical 
and biochemical species by changing functional groups, polymerization process, and 
additives, since they are made of organic compounds [1]. In addition, polymers have lower 
density than silica glass [3], which is in general desirable, as it is often necessary to minimize 
the total weight of a device. The aforementioned characteristics come in handy especially in 
fiber Bragg grating (FBG) sensors, for some applications of which, materials alternative to 
silica are incessantly sought for. To date, the most widespread material for polymer-based 
FBGs is PMMA [1,2,8–10], although the use of some alternative plastics, such as CYTOP 
(amorphous fluoropolymer) [11] and TOPAS (cyclic olefin copolymer) [12–14], has recently 
been investigated. 
Microstructured polymer optical fibers (mPOFs) have drawn increasing attention since 
2001 [15], within the framework of the research on photonic crystal fibers starting in the 
1990s [16], due to the large variety of optical effects obtainable simply by changing internal 
microstructure [17,18]. In this class of fibers, the ability to guide light is based on a patterning 
of microscopic holes running along the length of a fiber [15–18]. Only a few journal papers 
on mPOFs made of PC have been published to date. None of those papers, however, have 
demonstrated light propagation in a solid-core microstructured PC fiber. Van Eijkelenborg et 
al. [19] fabricated and characterized a hollow-core PC mPOF fiber, where the polymer 
preform was produced via capillary stacking technique. Hollow-core PC waveguides with 
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inner Cu coatings were employed in [20] for terahertz transmission, while Gibson et al. [21] 
made use of solid-core PC mPOFs to fabricate multichannel electrospray emitters. Moreover, 
PC was studied in combination with polyvinyl difluoride (PVDF) for the manufacturing of 
mPOFs from multilayered all-polymer hollow preforms prepared by solvent evaporation and 
co-rolling methods [22]. A PC mPOF was further reported in [23], where, however, localized 
light propagation in the core could not be achieved (the light source was a 633-nm laser). 
Polycarbonate optical fibers were introduced by Fujitsu in 1986 (the core was made of PC, 
with a polyolefin-based material as the cladding) [24] and have been extensively studied and 
used since then [25–27]. Polycarbonate is an engineering plastic that exhibits excellent clarity 
and impact strength [28]. The main advantage of using this material for optical fiber 
fabrication indeed lies in the well-balanced combination of its optical and mechanical 
properties. Firstly, it is transparent to visible light [29] and for this reason can be considered 
as a natural alternative to PMMA. Secondly, PC usually yields and breaks at elevated values 
of strain [29], and is highly flexible in bending. In addition, its glass transition temperature 
(Tg) is one of the highest among transparent plastics, thereby resulting in a larger available 
temperature range. These properties make PC fibers particularly attractive for those 
applications requiring high-temperature-resistant polymer sensors, as long as the specific 
application does not involve long-term exposure to a high-humidity environment at high 
temperature. Early investigations indeed seem to indicate that humid heat may cause 
premature aging of PC POFs [27]. 
The change of properties in PC due to UV irradiation has been the subject of several 
studies [30–32]. In particular, photosensitivity studies on PC [30] showed that the refractive 
index profile of PC films was affected by UV irradiation, suggesting a potential applicability 
of the photo-irradiation dependency for optical devices. Nevertheless, to the best of our 
knowledge, no FBG in PC optical fibers has been demonstrated yet. Literature only reports 
the inscription of Bragg gratings into a PC-based planar waveguide via an ablation process 
[33]. Here we present the first experimental demonstration of an endlessly single-mode solid-
core PC mPOF. The microstructured fiber, fabricated via mechanical casting from plastic 
granulates, is also characterized both optically and mechanically. We further write an FBG 
into the optical fiber (which is dopant-free) by using a UV laser and demonstrate strain 
sensing up to 3%, and a linear response to temperature up to the record of 125°C with neither 
malfunctioning nor any significant hysteresis in the cooling phase. Microstructured polymer 
optical fiber Bragg gratings (mPOFBGs) made of a high-Tg grade of TOPAS (5013) were 
previously tested up to 110°C [14], whilst the maximum operation temperature of PMMA was 
reported to be 92°C in [34]. We consider the present work as a further step towards enabling 
high-temperature-resistant POFBG technology. 
2. Experimental results 
2.1 Fabrication of the solid-core PC mPOF 
The solid-core PC mPOF was fabricated by using a drill-and-draw technique starting from 
casting of plastic granulates. The material used for casting was Makrolon  LED2245 from 
Bayer MaterialScience AG with a Tg of 145°C. This material grade shows an extremely low 
tendency towards yellowing, even at temperatures as high as 120 °C [29]. Being hygroscopic, 
the PC granulates needed to be dried before casting to avoid bubble formation, which would 
otherwise increase the transmission loss and degrade the mechanical properties of the final 
fiber. A strict control of timing, temperature, and pressure was also required during the 
casting in order to obtain a good-quality solid rod. In particular, relatively high temperatures 
were applied as PC might contain polymer crystals at temperatures even higher than 220°C 
[35]. The presence of residual crystals in the PC preform would lead to both considerably 
poorer optical performance and inhomogeneities in the fiber. 
The cast polymer rod was then machined and the desired hole pattern, which consisted of 
three rings of air holes in a hexagonal arrangement, was drilled into it. The preform was 
finally drawn to an intermediate cane, which was then sleeved with an in-house fabricated PC 
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tube and drawn down to fiber. A complete description of the experimental methodologies 
involved in the drill-and-draw technique can be found in [17]. The diameter of the final fiber 
was about 150 μm, whereas the core diameter was 7 μm. The average air hole diameter (d) 
and pitch between air holes (Λ) were 1.75 μm and 4.375 μm, respectively. The ratio d/Λ of 
0.40 ensured that the mPOF was endlessly single-moded [36]. 
2.2 Characterization of the cast bulk PC material 
The refractive index (RI) of the PC material used in our experiments was measured by using a 
commercially available ellipsometer VASE (J.A. Woollam), which covers a wavelength range 
of 210-1690 nm with a 5-nm resolution for the range 210-1000 nm and a 10-nm resolution for 
the range 1000-1690 nm. Figure 1(a) shows the measured material dispersion of PC and 
directly compares our data with other material dispersions reported in the literature. As it can 
be seen from Fig. 1(a), the measurements performed on PC were relatively close to the other 
dispersion data, with ours being slightly higher (<0.012) than the RI values from the PC 
datasheet [29] and Sultanova et. al. [37]. This slight difference in RI can be attributed to 
different preparation procedures utilized to manufacture the bulk PC material. 
 
Fig. 1. (a) Material dispersion of PC. Our measurement (circles) is compared with the results of 
[29] (red curve) and [37] (black curve). (b) Bulk material optical loss of a PC solid rod made 
via casting from plastic granulates. Note the very high loss at longer wavelengths due to the 
absorption bands mainly caused by carbon and hydrogen bond (aliphatic and aromatic) 
vibrations [25,38]. Inset: PC step-like structure fabricated to measure the bulk material 
propagation loss. 
Bulk material propagation loss was also measured within the interval 500-1600 nm based 
on a modified cut-back technique. A 10 cm long initial cylindrical preform was machined into 
an 8-step structure, with each step being 1 cm long (inset of Fig. 1(b)). We then determined 
the propagation loss of the material by using a broadband supercontinuum source and 
recording the spectrum in each step of the preform. The material loss was relatively low 
between 500 nm and 853 nm, as shown in Fig. 1(b). Moreover, four further transmission 
windows (with loss below 15 dB/m) could be detected at the wavelength ranges 876-898 nm, 
917-998 nm, 1028-1102 nm, and 1247-1287 nm, respectively. The material transmission loss 
in the near-IR spectral range was slightly lower than the one reported in [39]. From Fig. 1(b) 
it may further be noticed that there is a significant amount of noise at short wavelengths. This 
is because of the lower loss, around a few dB/m, and also due to increasing scattering. A non-
perfect surface of the sample introduces surface scattering, which is highly wavelength 
dependent. This leads to the growth of spectral noise towards shorter wavelengths. 
2.3 Characterization of the solid-core PC mPOF 
After the characterization of the bulk material we investigated the properties of the drawn 
mPOF. The fiber transmission loss profile was obtained via cut-back measurement. Cleaving 
was performed with an in-house made hot blade cleaver equipped with a flat side blade, 
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which yields high-quality end facets [40]. Applying the same temperature to blade and fiber, 
we tested several temperatures in the range 50-80°C (with steps of 5°C) so as to optimize the 
cleaving process for the PC mPOF. The optimal temperature of both blade and fiber was 
found to be 80°C. Figure 2(a) shows the transmission loss of the solid-core PC mPOF in the 
range of wavelengths between 550 nm and 900 nm, while Fig. 2(b) displays a microscope 
image of the fiber end facet with the desired hexagonal arrangement of air holes. The fiber 
transmission loss was found to be lower than 10 dB/m within the range 800-840 nm. 
Specifically, the minimum loss was 8.91 dB/m at 833.5 nm, whereas at the same wavelength 
the material loss was 4.37 dB/m [Fig. 1(b)]. By comparing Fig. 1(b) with Fig. 2(a) it may be 
noticed that the fiber loss was considerably higher than the propagation loss measured for the 
bulk material, especially at shorter wavelengths. This is probably due to the presence of 
material and geometrical inhomogeneities in the microstructured fiber. In particular, the 
higher loss of the PC fiber compared to its bulk material loss may arise from scattering. There 
are many possible sources of scattering due to the way mPOFs are manufactured 
[17,18,41,42]. The drilling process yields surface roughness within the holes of the polymer 
preform and this fact increases fiber loss. Even though the fiber drawing has the effect of 
smoothing the internal surface of the holes, some residual roughness in the final fiber is 
expected, leading to higher loss. This problem can be limited by adopting larger fiber cores 
[41]. Furthermore, material impurities introduced throughout the drill-and-draw process, such 
as dust, as well as the presence of any residual micro-swarfs on the hole surface as a 
consequence of the preform drilling, increase attenuation. Microbending losses, due to 
microdeformations in the mPOF producing scattering, are also expected. Particularly for small 
diameters, as is the case for the fiber characterized here, this source of loss may become 
important [41]. Overall it is expected that fiber loss can be substantially reduced by improving 
the whole PC fiber fabrication process. 
 
Fig. 2. (a) Transmission loss profile measured from 550 to 900 nm by the cut-back technique. 
The fiber was cut back from 4 m to 50 cm recording the transmission spectrum over 17 
different fiber cuts. (b) Microscope image of the end facet of the solid-core PC mPOF. The 
fiber diameter was approximately 150 μm. 
2.4 FBG inscription into the PC mPOF 
The writing of the fiber Bragg grating in the polycarbonate mPOF was carried out with a 50 
mW CW HeCd laser operating at 325 nm (IK5751I-G, Kimmon). For grating inscription we 
used the phase mask technique. The configuration of the inscription setup was the same as 
described in [43]. The phase mask was custom-made by Ibsen Photonics A/S. It is optimized 
for inscription with a HeCd laser (325 nm) and has a uniform period of 572.4 nm. The laser 
power was attenuated to 4 mW. The Bragg wavelength for the PC mPOF fiber was centered at 
892.4 nm (with a FWHM of 0.46 nm) and the strength of the reflected peak was 25 dB, as 
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shown in Fig. 3. By using the RI from the material, the theoretical effective refractive index 
was calculated to be 1.5652 at 895.9 nm. For a pitch of 572.4 nm this gives a Bragg 
wavelength of 895.9 nm, which is close to the experimental value of 892.4 nm. The difference 
between theoretical and experimental value is due to the fact that we assumed an idealized 
geometry and neglected the effect of fabrication on RI in the calculation. In addition, the fiber 
was slightly pre-strained during the inscription process, which may lead to a mild down-shift 
of the FBG resonance wavelength upon release of the fiber from the inscription setup. The 
successful inscription of the FBG demonstrates that PC is photosensitive at typical Bragg 
grating writing conditions. The fiber loss at the Bragg grating wavelength (892.4 nm) was 
11.37 dB/m [Fig. 2(a)]. However, transmission loss did not represent a critical factor in our 
experiments as only short lengths of the fiber were used. Although the laser power was only 4 
mW, the FBG writing took just a few minutes. The inscription process was fast considering 
that the fiber was dopant-free. In particular, without the use of dopants the fastest writing time 
in PMMA mPOFs by means of a HeCd laser was shown to be slightly below 7 minutes in 
[43] (the laser power was 30 mW). For PC mPOFBGs, the average inscription time with a 
HeCd laser is about 6 minutes at a power of 4 mW. Short inscription times are of importance 
for the stability of a grating. The writing time in PMMA mPOFs can be reduced by either 
doping the fiber core [8,44,45] or using a different laser [46]. The same should hold true also 
for PC. 
 
Fig. 3. PC mPOFBG spectrum at room temperature before annealing (black) and after 
annealing (blue). 
The fiber was then annealed in order to improve the stability of the strain sensing [34,47]. 
Specifically, the annealing was done in two phases. First at 120°C for 24h, after which the 
resonance wavelength was 881.7 nm (10.7 nm lower than that of the un-annealed FBG). Then 
at 130°C for 12 h, which further blue-shifted it by 6.0 nm. After annealing the new Bragg 
wavelength was thus centered at 875.7 nm, with a total blue-shift of 16.7 nm (Fig. 3). The 
shift in the resonance wavelength was probably caused by fiber shrinkage [34], due to (at least 
partial) relaxation of the polymer chains as a consequence of the annealing process [48]. 
2.5. Strain and temperature sensing with the PC mPOFBG 
The FBG was characterized in terms of sensitivity to strain and temperature by using a fiber 
coupler, a supercontinuum source (SuperK Compact by NKT Photonics A/S) and an optical 
spectrum analyzer (OSA, Ando AQ6315A). The two ends of the PC mPOF were glued to two 
micro-translation stages, one of which being fixed and the other one free to move according to 
the applied axial strain. The fixed end was butt-coupled to a silica step-index fiber through 
#255045 Received 3 Dec 2015; revised 15 Jan 2016; accepted 17 Jan 2016; published 27 Jan 2016 
© 2016 OSA 1 Feb 2016 | Vol. 6, No. 2 | DOI:10.1364/OME.6.000649 | OPTICAL MATERIALS EXPRESS 655 
which light was launched into the fiber. The axial strain values were calculated as the ratio 
(expressed in %) of the change in the length between the two gluing points ΔL to the original 
length of the fiber L0 (4 cm). To minimize time-dependency in the mechanical behavior, the 
FBG reflection spectrum was read after approximately 10 minutes each time the axial strain 
was varied. The fiber was gradually stretched up to 3% (loading phase, “forward”) and then 
the strain was slowly decreased until the original dimension was recovered (unloading phase, 
“reverse”). Figure 4(a) displays the results from the strain tuning of the PC FBG in forward 
and reverse straining. The Bragg wavelength exhibited a linear response over the strain range 
0-3%, with a sensitivity of 0.701 ± 0.003pm/µε calculated by linear regression. This 
sensitivity is very close to the value of 0.71 pm/µε reported for PMMA 3-ring mPOFBGs at 
850nm [49] and 827nm [50], and similar to that of 0.64 pm/µε measured for a TOPAS 2-ring 
mPOFBG at 870 nm [13]. Moreover, the fiber did not show any hysteresis in the unloading 
phase, since the forward and reverse curves were perfectly overlapped, as shown in Fig. 4(a). 
Indeed, the strain sensitivity in the reverse phase was calculated to be still the same as the 
forward one (namely, 0.701 ± 0.003pm/µε). 
 
Fig. 4. (a) Strain response of the PC mPOFBG at room temperature. (b) Temperature response 
of the unstrained PC mPOFBG. 
The temperature response of the solid-core PC mPOFBG was also investigated. The setup 
was similar to the one used for strain measurements, except for the Bragg grating now being 
placed on a resistive hot stage so as to control its temperature. A thermocouple with an 
uncertainty of around 0.3°C was placed as close as possible to the PC mPOF. Several layers 
of lens paper were used to cover it and therefore obtain a more uniform temperature. Each 
Bragg grating wavelength was recorded after 15 minutes once a new temperature value was 
set. Figure 4(b) shows the temperature tuning of the PC mPOFBG performed in a forward-
backward test. The PC mPOFBG displayed a linear response between room temperature 
(23.6°C) and 125°C, showing a negative Bragg wavelength shift with increasing temperature. 
No malfunctioning was observed even at the highest temperatures. Note that in a study of the 
temperature response of FBGs inscribed in a PMMA 4-ring mPOF [34] with a similar 
diameter as the one of our PC fiber, a time interval of 10 minutes before readings were taken 
at each measurement step was sufficient to observe a markedly non-linear response when the 
elevated temperature region was approached. 
The maximum temperature applied in our characterization of the PC grating (125°C) was 
greater than the one previously demonstrated by using a high-Tg TOPAS mPOFBG (110°C) 
[14], and well above the maximum operational temperature of PMMA (92 °C) reported in 
[34]. Furthermore, the PC mPOFBG response was seen to be linear in the cooling-down test. 
From a linear regression over the whole temperature range, the sensitivity of the FBG was 
calculated to be equal to −29.99 ± 0.17 pm/°C in the forward test and to −29.78 ± 0.09 pm/°C 
in the backward test. No significant hysteresis was observed as the temperature was ramped 
down, as also confirmed by the almost unaltered sensitivities. The stability of the fiber was 
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expected mainly for two reasons. The first one was that the Tg of the PC used in the present 
study is 20°C higher than the maximum operational temperature demonstrated here. This 
margin can be thought of as the minimum one to ensure long-term stability of a POFBG [14]. 
Secondly, the combination of two distinct annealing phases at 120°C and 130°C was likely to 
have significant impact in this regard, as early investigations showed the annealing process to 
considerably contribute to enhancing the thermal stability of polymeric FBGs and extending 
the linearity in their response to temperature [34,47]. The particular temperature of 125°C 
makes PC POFBGs applicable to certain areas of automation technology and automotive 
engineering. For instance, in the engine compartment of a vehicle, temperatures can go up to 
125°C [27]. Polycarbonates make this area now accessible to polymer-based FBGs for the 
first time to our knowledge. In addition, PC can be sterilized with steam autoclaving [28], 
though for limited reuse applications. Autoclaves for sterilization typically work at 121°C for 
15-20 minutes. No previous POFBG could withstand such conditions. The latter characteristic 
can be of great importance from a biomedical perspective. 
It should also be mentioned that PC is not humidity-insensitive. An example of polymers 
used for manufacturing humidity-insensitive mPOFBGs is TOPAS [13]. As a reference, the 
percent water absorption of PC is 0.12% in air at 23°C and 50% relative humidity (RH) 
(generally measured after 24 h), whereas this value increases up to 0.3% (at saturation) when 
the PC is immersed in distilled water at 23°C [29]. Since the PC mPOFBG characterization 
was carried out in the open laboratory, its response to temperature could have been affected 
by cross-sensitivity to humidity. The true temperature and humidity responses of the PC 
mPOFBG, as assessed in a humidity-controlled environment (i.e., by using a climate 
chamber), are out of the scope of this paper. 
2.6 Mechanical testing of the PC mPOF 
The datasheet by the manufacturer of the used PC reports a tensile modulus of 2.35 GPa, a 
strain at break >50%, and yield stress and strain of 63 MPa and 6.0% [29], respectively. The 
tensile strain (%) is defined as ε = 100·(l-l0)/l0, where l0 represents the initial length of the 
sample and l denotes the instantaneous length of the sample being stretched. All the data 
presented here are based on the engineering stress defined as σ = F/A0, with A0 being the 
initial cross sectional area of the sample and F the stretching force. Note that the structuring 
of the polymer in the direction of the drawing due to the specific drawing conditions applied 
in the fiber fabrication process can affect the strain-stress behavior [48,51]. Moreover, tensile 
test results may also depend on the test temperature [52] and applied strain rate [2,48], as well 
as on the specific RH value (as water can act as a plasticizer of polymer materials), where the 
latter factor is expected not to be important for humidity-insensitive fibers, such as TOPAS. 
We carried out a tensile test on an un-annealed PC 3-ring microstructured optical fiber using 
an in-house built tensile testing machine. Five fiber samples were tested at a constant straining 
rate of 66%/min in a monitored open environment (T = 21.9-23.7°C, RH = 34.0-48.1%). The 
average diameter of the fiber samples was 146 ± 4 μm. The diameter measurements were 
performed with a micrometer screw gauge and cross-checked by means of an optical 
microscope. Both methods led to values in reasonable agreement. The cross-sectional area of 
the air holes in the microstructured region was neglected, as it accounted only for about 0.5% 
of the whole fiber cross section. Figure 5 shows a typical engineering stress-strain curve of 
the tested PC fiber samples. This kind of representation is useful as it contains more 
information than that presented in the datasheet. It may indeed be seen from Fig. 5 that our PC 
mPOF did not show a distinct yield point based on the Considere’s construction method [53], 
as dσ/dε continued to be positive, although its value became considerably low at strains 
around 5%. After a further 10% elongation region at nearly constant stress, the fiber exhibited 
significant strain hardening at high strains (>15%) where the molecular alignment stiffened 
the drawn polymer. 
Figures 6(a) and 6(b) summarize the results expressed in terms of Young’s modulus (E) 
and break point, respectively. We calculated the Young’s modulus using linear regression of 
the stress-strain data within the strain region of 0.05%-0.25%, as recommended in ISO 527-
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1:1996 for plastics in tension. The Young’s modulus of the PC mPOF was estimated to be 
equal to 3.03 ± 0.10 GPa. This is approximately 35% larger than the value reported in the 
bulk material datasheet [29]. Notice that thermal annealing commonly has the effect of 
lowering E and increasing ductility [48,51]. The curve shape is also likely to change as a 
result of the annealing process [48]. 
 
Fig. 5. Typical stress-strain curves of 3-ring solid-core PC, PMMA, and TOPAS mPOFs with 
an average diameter 146 ± 4 μm, 141 ± 5 μm, and 133 ± 4 μm, respectively. Average diameter 
estimation for 5 samples of each fiber was performed by adopting a confidence interval (CI) of 
95%. 
Figures 5, 6(a), and 6(b) further include the data from the experiments carried out on un-
annealed GEHR PMMA  [54] and TOPAS  8007S-04 [55] 3-ring mPOFs, which were tested 
in extension for comparison. The average diameters of the PMMA and TOPAS fibers were 
141 ± 5 μm and 133 ± 4 μm, respectively. Similar drawing conditions as for the PC mPOF 
were also applied. 
 
Fig. 6. (a) Average Young’s moduli calculated on the whole statistical group (5 samples of 
each fiber). The bars represent a CI of 95%. (b) Average break points (the bars indicate a CI = 
95%). 
The stress-strain curves measured for the TOPAS mPOF exhibited a drop in the stress 
(usually identified as the yield point [53]) after the quasi-linear region, whereas the PMMA 
mPOF did not. These measurements displayed a similar increase in Young’s modulus as the 
PC fiber compared to the data reported by the respective manufacturers. Indeed, the average E 
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values of PMMA and TOPAS were found to be 4.32 ± 0.15 GPa (34% greater than in [54]) 
and 2.98 ± 0.19 GPa ( + 15% compared to the company’s datasheet [55]), respectively. The 
PC tensile strain at break was 36.3 ± 1.6%, slightly lower than TOPAS (41.2 ± 1.3%) but 
more than twice as much as PMMA (16.4 ± 3.2%). Note that a higher strain at break basically 
means a larger strain range available before failure. In addition, as a result of the higher 
degree of strain hardening, the PC mPOF could bear an average tensile stress at break of 
235.9 ± 7.4 MPa, which is considerably greater than those measured for PMMA (185.5 ± 24.8 
MPa) and TOPAS (183.8 ± 6.1 MPa). 
A replacement of PMMA with PC-based mPOFBGs in strain sensing would increase the 
maximum operative temperature from 90°C to at least 125°C. Moreover, the lower Young’s 
modulus of PC compared to PMMA is likely to increase the sensitivity of PC-based mPOFs 
in vibration sensors and accelerometers [56]. 
3. Conclusion 
In this paper we have presented the fabrication of an FBG sensor in a PC mPOF manufactured 
through a multistage process starting from plastic granulates. The solid-core PC mPOF was 
characterized optically as well as mechanically. We observed fiber loss below 10 dB/m within 
the wavelength range 800-840 nm, with a minimum of 8.91 dB/m at 833.5 nm. In the 
mechanical characterization, the solid-core PC mPOF showed a pseudo-yield point after being 
strained by about 5%, and had relatively low Young’s modulus and high strain at break 
compared to PMMA. 
Furthermore, we reported for the first time that an FBG can be UV-written in a PC fiber. 
The FBG was inscribed in only a few minutes at a power of 4 mW. This inscription time was 
extremely fast considering that the fiber was undoped. Most importantly, we have 
demonstrated strain sensing up to 3% in a PC FBG, and a linear response of the grating to 
temperature up to 125°C, which is, to our knowledge, the currently highest reported operating 
temperature for a POFBG. We do think that PC FBGs represent a step towards the 
development of a reliable high-temperature-resistant polymer-based FBG technology. 
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Low Loss Polycarbonate Polymer Optical Fiber for
High Temperature FBG Humidity Sensing
Getinet Woyessa, Andrea Fasano, Christos Markos, Henrik K. Rasmussen, and Ole Bang
Abstract— We report the fabrication and characterization
of a polycarbonate (PC) microstructured polymer optical
fiber (mPOF) Bragg grating (FBG) humidity sensor that can
operate beyond 100°C. The PC preform, from which the fiber
was drawn, was produced using an improved casting approach
to reduce the attenuation of the fiber. The fiber loss was found
reduced by a factor of two compared to the latest reported PC
mPOF [20], holding the low loss record in PC based fibers.
PC mPOFBG was characterized to humidity and temperature,
and a relative humidity (RH) sensitivity of 7.31±0.13 pm/% RH
in the range 10–90% RH at 100°C and a temperature sensitivity
of 25.86±0.63 pm/°C in the range 20–100 °C at 90% RH were
measured.
Index Terms— Annealing, Fiber gratings, Humidity measure-
ment, Optical fiber sensors, Plastic optical fiber, Temperature
measurement.
I. INTRODUCTION
THE interest in polymer optical fiber (POF) sensors issteadily increasing because of their low processing tem-
perature, high flexibility in bending, high fracture toughness,
ease of handling, and non-brittle nature, which are properties
that glass fibers do not have [1]. In addition, POFs have a
high elastic strain limit with low Young’s modulus and they are
biocompatible, which makes them advantageous for a range of
strain and bio-sensing applications [2]–[11]. Some polymers,
such as PMMA, are humidity sensitive and strongly absorb
water [12]–[15], while others, such as Topas and Zeonex, have
been reported to be insensitive to humidity [16]–[19]. There-
fore, one of the key characteristics of PMMA based POFs is
their ability to highly absorb moisture. The moisture absorp-
tion leads to a change in the refractive index and size of the
fiber, which consequently change the Bragg wavelength [12].
Therefore, PMMA based fiber Bragg gratings (FBGs) are
considered as potential candidates for developing humidity
sensors [12]–[13].
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Fig. 1. The humidity response of an oven as the temperature is increasing.
The temperature and relative humidity (RH) operational
limits and stability of polymer optical fiber Bragg grat-
ings (POFBGs) strongly dependent on two parameters: the
glass transition temperature (Tg) and moisture absorbing capa-
bility of the fiber material. The temperature operational limit
of POFBGs produced from humidity insensitive polymers,
such as Topas and Zeonex, relies exclusively upon their Tg
and thus they can reliably operate 15-20 °C below their Tg
regardless of the surrounding RH level [16]–[19]. However,
this is not the case for other polymers such as PMMA which
have high affinity to water. The temperature operational limit
of PMMA POFBGs is strongly dependent on the surrounding
RH level and vice versa. At ambient or lower RH level, they
can operate 15-20 °C below their Tg. It has been reported
that PMMA POFBGs can operate up to 90 °C at ambient
RH [20]. However, when the surrounding RH is higher than
the ambient RH, the temperature operational limit decreases
significantly. For instance, when PMMA POFBGs humidity
sensors are operated up to 90% RH, the maximum operational
temperature is 75 °C [15]. This is attributed to the fact that
glass transition temperature of PMMA decreases with increas-
ing humidity [21]. So far, characterization for temperature
measurement of POFBGs has been carried out using a hot
plate or a conventional oven with no control on relative humid-
ity [20], [22]. It is known that as the temperature of the hot
plate or oven increases the corresponding surrounding relative
humidity decreases dramatically. To verify this behavior we
performed a systematic investigation using an environmental
controlled chamber. The chamber was first programmed to
have a fixed RH of 90% and ambient temperature. Releasing
the RH of the chamber and by increasing the temperature up
to 80 °C, it can be clearly seen from Fig. 1 how the RH of
the chamber significantly and rapidly decreases and reaching
an equilibrium at 1% RH in less than 3 hours. Based on this
response, we can conclude that similar behavior occurs in a
1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. (a) Bulk material optical loss for the improved PC solid rod. (b) Measured transmission loss of PC mPOF from both old and improved casting
methods. Inset: Optical microscope image of the fabricated PC mPOF.
TABLE I
POLYMERS GLASS TRANSITION TEMPERATURE AND WATER
ABSORPTION (SATURATION VALUE) AT 23 °C
humidity uncontrolled environment such as for example in an
open space hot element or oven. At 1% RH, Tg of PMMA is
expected to be higher than the one at ambient relative humidity
as the water uptake capability will be lower and water acts as
a plasticizer for PMMA [21]. Therefore, humidity is a limiting
factor in the maximum operating temperature of POFBGs
which have strong affinity to water. Similarly, when PMMA
POFBGs are used as humidity sensors, the range of operation
is highly dependent on the environmental temperature. PMMA
mPOFBGs have been operated in the range 10-90% RH at
maximum limiting temperature of 75 °C with no hystere-
sis [15]. At 90% RH and temperature beyond 80°C, the grating
is experiencing a significant degradation and it is unable
to operate. Therefore, PMMA based POFBGs can operate
beyond 75 °C provided the corresponding RH level is lower
than 90%.
Thus, it is extremely important for different applications
to develop POFBG humidity sensors which can fulfill and
operate at both high temperatures beyond the operational limit
of PMMA POFBGs, and also wide range of relative humidity
operation. In this work, we demonstrate for the first time a
record low loss mPOFBGs humidity sensor that can operate
beyond 90% RH and 100 °C using PC as the fiber material.
Recently, it has been demonstrated that PC mPOFBG can
operate up to 125 °C at ambient relative humidity [23]. The
glass transition temperature and water absorption (saturation
value) at 23°C for different polymer used for the fabrication
of mPOFs is listed in Table I.
II. EXPERIMENTS AND RESULTS
The microstructured fiber used in this report was fabricated
in-house at DTU Fotonik using a drill and draw method
described in [23]. However, to reduce the loss of the fiber
we used an improved casting approach for the preform pro-
duction. One of the most crucial factors which define the
final fiber loss is perhaps the quality of the cast preform. The
casting procedure was optimized with regard to two aspects:
drying phase and melting phase. A better water removal was
achieved by using an oven with enhanced air circulation.
This made it easier for the water trapped inside the plastic
pellets to diffuse out during the drying, thereby improving
the overall quality of the casting process. The melting phase
was extended to remove any possible micro-sized residuals of
crystals left in the final preform. Indeed, incomplete melting
due to insufficient melting time might lead to the presence of
micro-crystals in the core of the cast preform, which would
result in higher scattering loss. This can be seen in the visible
region in Fig. 2(b), where the gap between old and new fiber
transmission losses increases with decreasing wavelength.
The bulk material loss of the PC polymer and the PC
mPOFs losses are shown in Fig. 2(a) and 2(b), respec-
tively. The minimum fiber propagation loss was found to be
∼4.06 dB/m at 819 nm and at this wavelength the material loss
is ∼3.58 dB/m. It should be emphasized that the fiber loss was
reduced by a factor of two compared to the first fabricated PC
mPOF [23], holding thus the record in PC POFs loss. Both the
cane and the fiber have been drawn at 170 °C and 10.5 MPa
drawing stress. The final core and cladding diameter of the
fabricated fiber are 10 µm and 125 µm, respectively. The
average size of the holes diameter and the pitch size are
2.5 µm and 6.25 µm, respectively. The hole to pitch ratio
is 0.4 ensuring that the fiber is endlessly single mode [28].
A microscope image of the PC mPOF end facet, which was
cleaved with a custom made cleaver at a temperature of 80 °C
of both blade and fiber [29], is shown as an inset in Fig. 2(b).
A fiber Bragg grating was first inscribed in the fabricated
PC mPOF. The phase mask writing technique was used for
the FBG inscription while the detailed experimental setup
can be found in [30]. The phase mask used for grating
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Fig. 3. (a) Measured humidity response at 100 °C of the PC mPOFBG. (b) Corresponding stabilized humidity response of the PC mPOFBGs at 100 °C.
Inset: Normalized Bragg reflection spectrum of the PC mPOFBG.
Fig. 4. (a) Measured temperature response at 90 % RH of the PC mPOFBG. (b) Corresponding stabilized temperature response of the PC mPOFBGs
at 90 % RH.
inscription has a uniform period of 572.4 nm and the writing
laser was a 325 nm HeCd CW UV laser. We used only
5 mW for the inscription of the grating. The grating had
a length of 2 mm and the Bragg wavelength was located
at 892.24 nm with reflection strength of 30 dB and a full
width half maximum of 0.92 nm. The PC mPOFBG was
then annealed at 125 °C for 36 hours in a conventional oven
without humidity control. The new Bragg wavelength after
annealing was blue shifted to 880.19 nm. To be sure that
the PC mPOFBG was properly annealed for humidity sensing
operation up to 90% RH and at high temperatures, we further
annealed it in the climate chamber at 90 % RH and 100 °C
for 6 hours, as high humidity has been shown to strongly
assist the annealing of PMMA POFBGs [15]. For this, the PC
mPOFBG was connectorized [31], and placed in a climate
chamber (CLIMACELL, MMM Group). A supercontinuum
source (SuperK Compact, NKT Photonics) has been used as
the broadband light source and a spectrometer (CCS175 -
Compact Spectrometer, Thorlabs) has been used to continu-
ously track and record the grating during annealing in the
climate chamber. This additional annealing did not lead to any
further permanent blue shift, indicating that the POFBG was
indeed properly annealed for operation at temperatures and
relative humidity levels of 100 °C and 90% RH, respectively.
The normalized Bragg reflection spectrum of the PC mPOFBG
at 90 % RH and 100 °C is shown as an inset in Fig. 3(b).
After the annealing process, the humidity response of the PC
mPOFBG sensor was measured at three different temperatures:
25 °C, 50 °C and 100 °C, in the interval of 10-90% RH.
For each temperature level, the humidity measurement has
been done first by increasing the RH from 10% to 90%,
with step of 10% and then decreasing it from 90% to 10%
with 10% step. For both cases, the chamber was programmed
to change the RH in a minute and then to maintain stable
the environmental conditions for 45 mins. The response of
the PC mPOFBG, for both increasing and decreasing relative
humidity at 100°C, is shown in Fig. 3(a). Fig. 3(b) shows the
humidity response at 100°C where each measurement point
was taken at the end of the 45 mins stabilization period.
The humidity sensitivity at 100°C was 7.31±0.13 pm/% RH
(R-squared of 0.998), for both increasing and decreasing
relative humidity. The corresponding humidity sensitivities at
25 °C and 50 °C were measured to be 7.35±0.05 pm/%
RH and 7.19±0.11 pm/% RH, respectively. These sensitivity
figures confirm that the humidity response of PC mPOFBG is
unaffected by temperature, and this is due to the fact that the
grating was adequately annealed.
We have also measured the temperature sensitivity at two
different RH levels: 50 % and 90 % RH in the range from
20 to 100 °C. For each RH level, the temperature measurement
was first performed from 20 °C up to 100 °C, with a 10 °C
step and then decreasing it back to 20 °C with the same step.
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For both cases, the chamber was programmed to change the
temperature in 10 mins and then to maintain the environmen-
tal conditions stable for 45 mins. The response of the PC
mPOFBG for both increasing and decreasing temperature at
90% RH is shown in Fig. 4(a). Fig. 4(b) shows the temperature
response at 90% RH where each measurement point was taken
at the end of the 45 mins for the stabilization period. The tem-
perature sensitivity at 90 % RH was 25.86±0.63 pm/°C. The
corresponding sensitivity at 50% RH was 25.62±0.56 pm/°C.
No hysteresis was also observed during the temperature char-
acterization, further confirming the fact that the grating was
properly annealed.
III. CONCLUSION
We have developed and characterized a polycarbonate based
mPOFBG humidity sensor that can operate beyond 100 °C in
the relative humidity range 10-90%. The mPOF preform was
made by using an improved casting method and the measured
loss was found to be two times smaller than the hitherto. The
sensor gave a RH sensitivity of 7.31±0.13 pm/% RH in the
range 10-90% RH at 100 °C and a temperature sensitivity
of 25.86±0.63 pm/°C in the range 20-100 °C at 90 % RH.
The humidity sensitivities of our PMMA mPOFBGs and
TOPAS step index POFBGs at 850nm are 45 pm/%RH and
0.45 pm/%RH, respectively. Thus the humidity sensitivity of
PC mPOFBGs is 6 times smaller than PMMA mPOFBG and
16 times larger than TOPAS POFBGs which are basically
humidity insensitive. However, PC mPOFBG humidity sen-
sors can operate up to 90 % RH at a temperature 25 °C higher
than the maximum operational limit of PMMA mPOFBGs.
The temperature sensitivity of PC mPOFBGs is more than a
factor of two larger than that of PMMA mPOFBGs. At ambi-
ent relative humidity PC mPOFBGs can operate up to 125 °C
while PMMA mPOFBG can only be operated up to 90 °C.
Thus, PC mPOFBGs humidity sensors can be used in several
different applications areas where humidity measurement at
high temperature is required such as in industry for ceramic
driers, in domestic electric appliance for microwave oven and
in agriculture for thermo-hygrostatic chamber [32].
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Abstract: We have fabricated the first single-mode step-index and 
humidity insensitive polymer optical fiber operating in the 850 nm 
wavelength ranges. The step-index preform is fabricated using injection 
molding, which is an efficient method for cost effective, flexible and fast 
preparation of the fiber preform. The fabricated single-mode step-index (SI) 
polymer optical fiber (POF) has a 4.8µm core made from TOPAS grade 
5013S-04 with a glass transition temperature of 134°C and a 150 µm 
cladding made from ZEONEX grade 480R with a glass transition 
temperature of 138°C. The key advantages of the proposed SIPOF are low 
water absorption, high operating temperature and chemical inertness to 
acids and bases and many polar solvents as compared to the conventional 
poly-methyl-methacrylate (PMMA) and polystyrene based POFs. In 
addition, the fiber Bragg grating writing time is short compared to 
microstructured POFs. 
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1. Introduction
A lot of research has gone into developing low loss polymer optical fibers (POFs) [1,2]. 
Mostly, it has been the area of short range communication that has been driving the research, 
development and commercialization of POFs, which now have a consolidated place in this 
field [3]. Loss in POFs has nevertheless been far from reaching that of silica fibers, in 
particular when it comes to single-mode fibers. However, POFs unique properties, such as 
#254747 Received 27 Nov 2015; accepted 3 Jan 2016; published 14 Jan 2016 
(C) 2016 OSA 25 Jan 2016 | Vol. 24, No. 2 | DOI:10.1364/OE.24.001253 | OPTICS EXPRESS 1254 
their very low processing temperature, high flexibility in bending, high fracture toughness, 
ease of handling, and non-brittle nature compared to glass fibers have now moved the interest 
about POFs towards the sensing field, where loss is not so crucial [4–6]. Biocompatibility 
further makes POFs ideal candidates for bio-sensing applications [7–9] and properties, such 
as a high elastic strain limit and low Young’s modulus, makes it ideal for fiber Bragg grating 
based sensors [5,6], in particular in high strain and acceleration sensing applications [10–12]. 
Various types of POFs have been demonstrated so far, such as step-index [1,13,14], graded-
index [2,15,16] and microstructured [17] POFs. In the quest for low loss POFs, highly 
multimode step-index and graded-index fibers have been developed and are now available 
commercially and widely used in short-range communication. However, single-mode fibers 
are necessary for FBG sensors. In order to obtain single-mode guidance, several fabrication 
techniques have been proposed: from reducing the diameter of commercially available 
graded-index fibers by re-drawing [14] to exploiting the endlessly single-mode behavior of 
microstructured optical fibers [17]. Single-mode step-index POFs have been available 
commercially, but they were very lossy (500 dB/m @ 850nm) and multi-mode at 850 nm 
because they were targeted to operate at 1550 nm (MORPOF02, Paradigm Optics, see [18]). 
However, POFs have lowest loss at visible wavelengths and only microstructured POFs have 
so far been demonstrated to be single-mode in this regime. The re-drawn commercial fiber 
presented in [14] was targeted to have single mode guidance at 1300nm and 1550nm. 
Despite microstructured POFs being a good way of getting single-mode operation in the 
visible, solid fibers are preferable because this eliminates problems with (1) loss and 
degradation due to impurities getting into the holes, (2) the difficult to avoid loss due to 
scattering at the hole walls, and (3) cleaving, splicing, and connectorizing a fiber with holes in 
it [19]. Furthermore, in FBG sensor fabrication the holes of a microstructured POF strongly 
increased the writing time and quality of the grating due to scattering at the many- air-
material interfaces [20,21]. 
Step-index and graded-index POFs that have been fabricated in the past are mostly 
PMMA or PS based [1,2,13,15,16] and therefore have low operating temperature and strong 
affinity for water, which makes them sensitive to humidity [22,23]. Thus, the strain and 
temperature response of FBG sensors based on these fibers will have a strong dependence on 
humidity. 
As for the realization of the all-solid preform and/or fiber, techniques, such as batch 
extrusion, continuous extrusion, interfacial-gel polymerization, chemical vapor deposition, 
and centrifugation have been used [13–16]. Using these methods, fabrication of single mode 
POFs is difficult because it is not easy to control dopant diffusion from core to cladding 
during the polymerization of monomers in the preform making process. Thus, it is not easy to 
maintain the refractive index profile of POFs to ensure single-mode operation. In addition, 
these techniques are complex and time consuming. As a result, at the moment it is not 
possible to commercially buy a single-mode POF. 
Here we demonstrate the first solid step-index POF, which is single-mode at 850 nm and 
which is humidity insensitive. The fiber is made of a TOPAS core and a ZEONEX cladding. 
Both materials are humidity insensitive and can operate at high temperature, because of their 
glass transition temperature exceeding 130°C. An injection molding technique has been used 
to fabricate the step index preform and heat drawing has been used for fiber fabrication. The 
fabricated fiber has a core size and a numerical aperture very close to that of a silica single 
mode fiber at the same wavelength, which is optimal for coupling. Moreover, since the main 
application for the fabricated fiber is FBG sensors, we also report the successful inscription 
and characterization of FBGs in the SIPOF. 
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2. TOPAS/ZEONEX step index POF fabrication
The SIPOF was fabricated in-house at DTU Fotonik. The preparation of the preform 
consisted of two steps: casting of the cladding material, ZEONEX, and injection molding of 
the core material, TOPAS. These two materials were chosen for the following reasons: 
• They have very close chemical, mechanical and optical properties: as TOPAS is a
cyclic olefin copolymer (COC) and ZEONEX is a cyclic-olefin polymer (COP). 
• The selected grades of these polymers have almost the same glass transition
temperature and very close refractive indices, with the refractive index of TOPAS 
5013S-04 being slightly higher than that of ZEONEX 480R. 
• These polymers are also a class of optical thermoplastics that are chemically inert to
acids and bases and many polar solvents, have a very low moisture uptake, low 
birefringence, and superior moldability [24–26]. 
• FBG writing has been successfully demonstrated in different grades of TOPAS fibers
and proved to be humidity insensitive, which makes them a potential candidate for 
humidity insensitive FBG sensors [27–29]. 
• TOPAS and ZEONEX have also good transparency at THz frequencies [30,31].
We started the preform fabrication by casting the cladding material, ZEONEX 480R 
produced by ZEON CORPORATION with a glass transition temperature of 138°C [25], from 
granulates into a solid rod. This method differs from chemical casting [32] as it does not 
involve any polymerization process. This polymer is suitable for engineering applications 
requiring mechanical stability at high temperature. After casting, the solid rod was machined 
to a uniform bulk preform of 60 mm diameter and 100 mm length. Then a single hole with a 
diameter of 4 mm was drilled at the center of the preform. In the second stage of the SI 
preform preparation TOPAS 5013S-04 was injected into the 4 mm hole. TOPAS 5013S-04 
granulate was purchased from TOPAS Advanced Polymers and it has a glass transition 
temperature of 134°C [26]. An Engel ES 80/25 HL-Victory injection molding machine was 
used for injecting TOPAS into the host ZEONEX preform. Different injection temperatures 
were preliminarily tested. The aim was to optimize the transparency of the molten polymer 
before injection. This was done by visually inspecting the clarity of TOPAS while exiting the 
injection nozzle. Despite that a decrease in the injection temperature was seen to improve the 
transparency of the molten TOPAS, it was not possible to lower the temperature too much 
since TOPAS became too stiff to be processed. The optimal injection temperature was found 
to be around 200°C. Thereafter TOPAS was injection molded into the central hole of the 
ZEONEX solid rod with a melt pressure at the nozzle being slightly lower than the machine 
limit, which is approximately 2000 bar. The SI preform was then first drawn to a 5 mm cane. 
Then the 5 mm cane was sleeved and drawn to a fiber of 150 ± 3 μm diameter. The 
corresponding core diameter of the fiber is 4.8 μm. The end facet of the fabricated SIPOF is 
shown as inset in Fig. 1 (a). 
3. TOPAS/ZEONEX single mode step index POF characterization
3.1 Refractive index profile and loss measurement 
The refractive index contrast was measured at Azpect Photonics by interferometric optical 
phase measurement techniques with an accuracy of ± 0.0001. Figure 1(a) shows the measured 
refractive index contrast of this SIPOF. The core has a refractive index, which is 0.00591 
larger than that of the cladding. With this refractive index difference and a core size of 4.8 
µm, the numerical aperture of the fiber is 0.13 and the normalized frequency is 2.38 at 850 
nm. The measured core/cladding eccentricity is less than 0.6 µm and the nominal mode field 
diameter of this fiber is 5.3 ± 0.3 µm. The geometrical and optical parameters of the fiber are 
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closely matching those of silica single mode fibers operating in 850 nm region [33,34], 
allowing for easy coupling and low coupling loss between these fibers. 
The transmission loss of the fabricated SIPOF was measured using the cut-back method. 
One end of the SIPOF was connectorized with a single mode silica patch cable, which was 
connected to a supercontinuum source (SuperK Extreme, NKT Photonics). The other end of 
the fiber was butt-coupled to an optical spectrum analyzer (OSA, Ando AQ6315A) via a 
standard silica single mode fiber to record the SIPOF transmission spectrum. The end facet of 
the fiber was cleaved with a custom-made cleaver at a temperature of 76°C for both the blade 
and the fiber [35]. The fiber was cut-back from 5 m to 30 cm; recording the transmission 
spectrum of over 40 different fiber cuts in order to eliminate any uncertainties arising from 
power fluctuations, cleave quality and so on. The measured loss profile of the TOPAS SIPOF 
is shown in Fig. 1 (b). The minimum loss was found to be 4.197 dB/m at 862 nm. The fiber 
attenuation at 850 nm is 4.55 dB/m. 
Fig. 1. (a) Measured refractive index contrast of SIPOF at 850 nm. Inset: microscope image of 
the end facet of the SIPOF. (b) Measured transmission loss of the SIPOF. 
3.2 Fiber Bragg grating inscription and characterization 
In order to explore the potential of this fiber for sensing, fiber Bragg gratings were inscribed 
in the fabricated SIPOF. The technique we used for inscribing the grating was the phase mask 
technique and the configuration setup used is the same as described in reference [36]. The 
phase mask used for inscribing the grating in the SIPOF has a 572.4 nm uniform period, 
making it suitable for writing FBGs in polymers fibers in the 850 nm region using a He-Cd 
325 nm laser. The laser power used for inscription was only 6 mW and the writing time was 4 
minutes as shown in Fig. 2(b). Despite the low power of 6 mW the writing time was shorter 
than the shortest writing time of 7 minutes reported for PMMA microstructured POF using 30 
mW [36] and it is much shorter than the writing time of 338 minutes reported in TOPAS 
microstructured POF [28], all using a CW He-Cd laser. It is here worth mentioning that a 
writing time of 30 seconds was achieved using a pulsed excimer laser [37]. The typical 
reflection spectrum of a 2 mm long grating inscribed in the single mode SIPOF is shown in 
Fig. 2(a). The Bragg wavelength is located at 869.53 nm with a reflection strength of 30 dB 
and a full width half maximum (FWHM) of 0.29 nm. Before characterizing it for humidity, 
temperature and strain, the SIPOF was annealed for 24 hours at 110°C. Figure 2(a) shows the 
reflection spectrum of the FBG before and after annealing. 
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Fig. 2. (a) Bragg reflection of the SIPOFBG before and after annealing both normalized to the 
power of non-annealed grating. (b) Growth dynamic of the peak intensity of the 2 mm 
SIPOFBG during writing. 
To study the humidity response, the fiber was first connectorized with a silica patch cable, 
which is single mode in the 850 nm region, and then placed in an environmental chamber 
(CLIMACELL, MMM group), which has a precision better than 0.3°C and 1% RH for 
relative humidity levels of 10-90%. Figure 3 illustrates the setup, in which a supercontinuum 
source (NKT Photonics A/S) has been used as a light source and a spectrometer (CCS175 - 
Compact Spectrometer, Thorlabs) has been used to continuously track the FBG peak during 
the humidity test. The humidity measurement has been done at 25°C. The relative humidity 
(RH) was first increased from 10% to 90% in steps of 10%. The chamber was programmed to 
increase the RH by 10% gradually within 30mins and then to keep the environmental 
conditions stable for another 30mins. Hence the total time allowed before increasing the 
relative humidity by 10% again was one hour. At the end of the ramp, the fiber was left inside 
the chamber for 24 hours at 90% RH to further investigate its humidity response. The total 
wavelength shift throughout the whole investigation was 40.85 pm, of which 35.13 pm was 
the change resulting from the increase from 10 to 90% and the 5.72 pm was the shift observed 
during the constant 90% RH period (occurred in the first 5 of the 24 hours). For the remaining 
19hours no significant change in the Bragg wavelengths was measured. The humidity 
sensitivity when the RH was increased from 10 to 90% RH is 0.45 ± 0.22 pm/%RH, which is 
78 times smaller than the sensitivity given by a step index PMMA POFBG [23]. 
Fig. 3. Setup used for humidity and temperature measurement. 
The temperature response of the SI POFBG was characterized with the same setup as the 
one used for humidity sensitivity measurements. The chamber was programmed to increase 
the temperature from 20°C to 105°C (the maximum operating temperature of the chamber) 
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and then to decrease down to 20°C, with a step of 5°C gradually within 5 minutes and 
stabilization time of 10 minutes at fixed 50% RH. Figure 4(b) shows the temperature response 
in the range 20°C to 105°C at 50% RH. The temperature sensitivity of this fiber is 17.57 ± 0.1 
pm/°C for increasing temperature and 17.3 ± 0.02 pm/°C for decreasing temperature. 
Fig. 4. (a) Humidity response of single-mode SIPOFBG at 25°C. (b) Temperature response 
single-mode SIPOFBG at 50% RH. 
The strain response of the SI POFBG was studied by mechanically elongating the grating 
and monitoring its reflection spectrum. One end of the fiber was first connectorized with a 
single mode silica patch cable. Two centimeters away from the grating the fiber was clamped 
and glued to two micro-translation stages. One of the stages was used to apply axial strain 
manually to the grating. Every time strain was applied to the grating, 10 minutes were given 
for the grating to get stable before recording the reflection spectrum. The fiber was 
longitudinally strained up to 3% with steps of 0.25%. As shown in Fig. 5, the grating shows a 
linear response with an R-square value of 0.999 with no hysteresis. A linear fit of the results 
gives a strain sensitivity of 0.76 ± 0.02 pm/με, for both loading and unloading cases. This 
value matches the sensitivities of 0.71 pm/µε reported for PMMA 3-ring mPOF FBGs at 850 
nm [18] and 827 nm [38]. 
Fig. 5. Strain response of single-mode SIPOFBG. 
4. Conclusion
In this work, we have fabricated for the first time a step-index single mode and humidity 
insensitive polymer optical fiber using injection molding technique. This technique provided 
a fast and flexible method of preparing step index preforms. The fabricated step index 
polymer optical fiber has a core made from TOPAS 5013S-04 with a glass transition 
temperature of 134°C and a cladding from ZEONEX 480R with a glass transition temperature 
of 138°C. The core and the cladding diameters of this fiber are 4.8 µm and 150µm, 
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respectively, which is compatible with a standard single mode silica fiber in the 850 nm 
region. The step index fiber has a minimum attenuation of 4.197 dB/m at 862 nm, which we 
anticipate can be further reduced by improving the preform production process. A fiber Bragg 
grating has also been inscribed in the proposed fiber in 4 minutes with as little as 6mW power 
from a CW He-Cd laser. We believe that FBGs inscribed in this step index fiber are 
particularly suitable for sensing applications that require high operating temperature and very 
low moisture absorption. 
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Abstract: In the quest of finding the ideal polymer optical fiber (POF) for Bragg grating 
sensing, we have fabricated and characterized an endlessly single mode microstructured POF 
(mPOF). This fiber is made from cyclo-olefin homopolymer Zeonex grade 480R which has a 
very high glass transition temperature of 138 °C and is humidity insensitive. It represents a 
significant improvement with respect to the also humidity insensitive Topas core fibers, in 
that Zeonex fibers are easier to manufacture, has better transmittance, higher sensitivity to 
temperature and better mechanical stability at high temperature. Furthermore, Zeonex has 
very good compatibility with PMMA in terms of dilatation coefficients for co-drawing 
applications. The Zeonex mPOF has a core and cladding diameter of 8.8 µm and 150 µm, 
respectively, with a hole to pitch ratio of 0.4 and a minimum propagation loss of 2.34 ± 0.39 
dB/m at 690.78 nm. We have also inscribed and characterized fiber Bragg gratings (FBGs) in 
Zeonex mPOFs in the low loss 850 nm spectral band. 
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OCIS codes: (130.5460) Polymer waveguides, (060.2280) Fiber design and fabrication, (060.2270) Fiber 
characterization, (060.3735) Fiber Bragg gratings, (060.2370) Fiber optics sensors. 
References and links 
1. D. J. Webb and K. Kalli, “Polymer Fiber Bragg Gratings,” in Fiber Bragg Grating Sensors: Thirty Years From 
Research to Market, A. Cusano, A. Cutolo, and J. Albert, eds. (Bentham Science, 2010). 
2. D. J. Webb, “Fiber Bragg grating sensors in polymer optical fibers,” Meas. Sci. Technol. 26(9), 092004 (2015). 
3. H. Dobb, D. J. Webb, K. Kalli, A. Argyros, M. C. J. Large, and M. A. van Eijkelenborg, “Continuous wave 
ultraviolet light-induced fiber Bragg gratings in few- and single-mode microstructured polymer optical fibers,” 
Opt. Lett. 30(24), 3296–3298 (2005). 
4. A. Stefani, S. Andresen, W. Yuan, N. Herholdt-Rasmussen, and O. Bang, “High sensitivity polymer optical fiber 
Bragg grating based accelerometer,” IEEE Photonics Technol. Lett. 24(9), 763–765 (2012). 
5. J. Jensen, P. Hoiby, G. Emiliyanov, O. Bang, L. Pedersen, and A. Bjarklev, “Selective detection of antibodies in 
microstructured polymer optical fibers,” Opt. Express 13(15), 5883–5889 (2005). 
6. G. Emiliyanov, J. B. Jensen, O. Bang, P. E. Hoiby, L. H. Pedersen, E. M. Kjaer, and L. Lindvold, “Localized 
biosensing with Topas microstructured polymer optical fiber,” Opt. Lett. 32(5), 460–462 (2007). 
7. C. Markos, W. Yuan, K. Vlachos, G. E. Town, and O. Bang, “Label-free biosensing with high sensitivity in dual-
core microstructured polymer optical fibers,” Opt. Express 19(8), 7790–7798 (2011). 
8. H. U. Hassan, K. Nielsen, S. Aasmul, and O. Bang, “Polymer optical fiber compound parabolic concentrator tip 
for enhanced coupling efficiency for fluorescence based glucose sensors,” Biomed. Opt. Express 6(12), 5008–
5020 (2015). 
9. C. Broadway, D. Gallego, G. Woyessa, A. Pospori, G. Carpintero, O. Bang, K. Sugden, and H. Lamela, “Fabry-
Perot microstructured polymer optical fiber sensors for opto-acoustic endoscopy,” Proc. SPIE 9531, 953116 
(2015). 
10. S. Egusa, Z. Wang, N. Chocat, Z. M. Ruff, A. M. Stolyarov, D. Shemuly, F. Sorin, P. T. Rakich, J. D. 
Joannopoulos, and Y. Fink, “Multimaterial piezoelectric fibres,” Nat. Mater. 9(8), 643–648 (2010). 
                                                                   Vol. 7, No. 1 | 1 Jan 2017 | OPTICAL MATERIALS EXPRESS 286 
#278337 http://dx.doi.org/10.1364/OME.7.000286 
Journal © 2016 Received 10 Oct 2016; revised 16 Dec 2016; accepted 18 Dec 2016; published 23 Dec 2016 
11. A. F. Abouraddy, M. Bayindir, G. Benoit, S. D. Hart, K. Kuriki, N. Orf, O. Shapira, F. Sorin, B. Temelkuran, 
and Y. Fink, “Towards multimaterial multifunctional fibres that see, hear, sense and communicate,” Nat. Mater. 
6(5), 336–347 (2007). 
12. H. G. Harbach, “Fiber Bragg gratings in polymer optical fibers,” PhD Thesis, Lausanne, EPFL (2008). 
13. C. Zhang, W. Zhang, D. J. Webb, and G. D. Peng, “Optical fiber temperature and humidity sensor,” Electron. 
Lett. 46(9), 643–644 (2010). 
14. C. Zhang, X. Chen, D. J. Webb, and G. D. Peng, “Water detection in jet fuel using a polymer optical fiber Bragg 
grating,” Proc. SPIE 7503, 750380 (2009). 
15. G. Woyessa, K. Nielsen, A. Stefani, C. Markos, and O. Bang, “Temperature insensitive hysteresis free highly 
sensitive polymer optical fiber Bragg grating humidity sensor,” Opt. Express 24(2), 1206–1213 (2016). 
16. W. Yuan, L. Khan, D. J. Webb, K. Kalli, H. K. Rasmussen, A. Stefani, and O. Bang, “Humidity insensitive 
TOPAS polymer fiber Bragg grating sensor,” Opt. Express 19(20), 19731–19739 (2011). 
17. I. P. Johnson, W. Yuan, A. Stefani, K. Nielsen, H. K. Rasmussen, L. Khan, D. J. Webb, K. Kalli, and O. Bang, 
“Optical fiber Bragg grating recorded in Topas cyclic olefin copolymer,” Electron. Lett. 47(4), 271–272 (2011). 
18. C. Markos, A. Stefani, K. Nielsen, H. K. Rasmussen, W. Yuan, and O. Bang, “High-Tg TOPAS microstructured 
polymer optical fiber for fiber Bragg grating strain sensing at 110 degrees,” Opt. Express 21(4), 4758–4765 
(2013). 
19. G. Woyessa, A. Fasano, A. Stefani, C. Markos, K. Nielsen, H. K. Rasmussen, and O. Bang, “Single mode step-
index polymer optical fiber for humidity insensitive high temperature fiber Bragg grating sensors,” Opt. Express 
24(2), 1253–1260 (2016). 
20. G. Khanarian and H. Celanese, “Optical properties of cyclic olefin copolymers,” Opt. Eng. 40(6), 1024–1029 
(2001). 
21. A. Fasano, G. Woyessa, P. Stajanca, C. Markos, A. Stefani, K. Nielsen, H. K. Rasmussen, K. Krebber, and O. 
Bang, “Fabrication and characterization of polycarbonate microstructured polymer optical fibers for high-
temperature resistant fiber Bragg grating strain sensors,” Opt. Mater. Express 6(2), 649–659 (2016). 
22. S. Roy, C. Y. Yue, Z. Y. Wang, and L. Anand, “Thermal bonding of microfluidic devices: Factors that affect 
interfacial strength of similar and dissimilar cyclic olefin copolymers,” Sens. Actuators B Chem. 161(1), 1067–
1073 (2012). 
23. J. Anthony, R. Leonhardt, A. Argyros, and M. C. J. Large, “Characterization of a microstructured Zeonex 
terahertz fiber,” J. Opt. Soc. Am. B 28(5), 1013–1018 (2011). 
24. S. G. Leon-Saval, R. Lwin, and A. Argyros, “Multicore composite single-mode polymer fiber,” Opt. Express 
20(1), 141–148 (2012). 
25. A. Tuniz, R. Lwin, A. Argyros, S. C. Fleming, E. M. Pogson, E. Constable, R. A. Lewis, and B. T. Kuhlmey, 
“Stacked-and-drawn metamaterials with magnetic resonances in the terahertz range,” Opt. Express 19(17), 
16480–16490 (2011). 
26. N. Singh, A. Tuniz, R. Lwin, S. Atakaramians, A. Argyros, S. C. Fleming, and B. T. Kuhlmey, “Fiber draw 
double split ring resonators in the terahertz range,” Opt. Mater. Express 2(9), 1254–1259 (2012). 
27. http://www.zeonex.com/optics.aspx. 
28. Topas Advanced Polymers Inc, “Data Sheet - Topas 5013S-04,” (Topas Advanced Polymers Inc., 2015), 
http://www.topas.com/sites/default/files/TDS_5013S_04_e_1.pdf. 
29. É. Torres, M. N. Berberan-Santos, and M. J. Brites, “Synthesis, photophysical and electrochemical properties of 
perylene dyes,” Dyes Pigments 112, 298–304 (2015). 
30. T. Bremner, A. Rudin, and D. G. Cook, “Melt Flow Index Values and Molecular Weight Distributions of 
Commercial Thermoplastics,” J. Appl. Polym. Sci. 41(78), 1617–1627 (1990). 
31. A. Argyros, “Microstructured polymer optical fibers,” J. Lightwave Technol. 27(11), 1571–1579 (2009). 
32. B. T. Kuhlmey, R. C. McPhedran, and C. Martijn de Sterke, “Modal cutoff in microstructured optical fibers,” 
Opt. Lett. 27(19), 1684–1686 (2002). 
33. T. A. Birks, J. C. Knight, and P. St. J. Russell, “Endlessly single-mode photonic crystal fiber,” Opt. Lett. 22(13), 
961–963 (1997). 
34. A. Stefani, K. Nielsen, H. K. Rasmussen, and O. Bang, “Cleaving of Topas and PMMA microstructured polymer 
optical fibers: Core-shift and statistical quality optimization,” Opt. Commun. 285(7), 1825–1833 (2012). 
35. A. Abang and D. J. Webb, “Demountable connection for polymer optical fiber grating sensors,” Opt. Eng. 51(8), 
080503 (2012). 
36. I.-L. Bundalo, K. Nielsen, C. Markos, and O. Bang, “Bragg grating writing in PMMA microstructured polymer 
optical fibers in less than 7 minutes,” Opt. Express 22(5), 5270–5276 (2014). 
37. I.-L. Bundalo, K. Nielsen, and O. Bang, “Angle dependent Fiber Bragg grating inscription in microstructured 
polymer optical fibers,” Opt. Express 23(3), 3699–3707 (2015). 
38. R. Oliveira, L. Bilro, and R. Nogueira, “Bragg gratings in a few mode microstructured polymer optical fiber in 
less than 30 seconds,” Opt. Express 23(8), 10181–10187 (2015). 
39. K. E. Carroll, C. Zhang, D. J. Webb, K. Kalli, A. Argyros, and M. C. J. Large, “Thermal response of Bragg 
gratings in PMMA microstructured optical fibers,” Opt. Express 15(14), 8844–8850 (2007). 
40. A. Stefani, W. Yuan, C. Markos, and O. Bang, “Narrow bandwidth 850 nm fiber Bragg gratings in few-mode 
polymer optical fibers,” IEEE Photonics Technol. Lett. 23(10), 660–662 (2011). 
41. I. P. Johnson, K. Kalli, and D. J. Webb, “827nm Bragg grating sensor in multimode microstructured polymer 
optical fiber,” Electron. Lett. 46(17), 1217–1218 (2010). 
                                                                   Vol. 7, No. 1 | 1 Jan 2017 | OPTICAL MATERIALS EXPRESS 287 
1. Introduction 
Polymer optical fibers (POFs) share many of the merits that conventional silica optical fibers 
have for sensing applications such as immunity to electromagnetic interference, small size and 
multiplexing capabilities. POFs have unique features over those of silica fibers for many 
sensing applications. These include high flexibility in bending, non-brittle nature, low 
Young’s modulus, high elastic strain limits and high fracture toughness, giving them great 
potential for fiber Bragg gratings (FBGs) based high strain and acceleration sensing 
applications [1–4]. POFs have also excellent compatibility with organic materials, making 
them ideal candidates for biomedical applications [5–9]. In addition, POFs have very low 
processing temperature and are easy to handle, hence low processing cost and safe 
disposability. Moreover, the integration of metals, insulators and semiconductors structures 
into extended length of polymer fibers have been demonstrated [10,11]. 
Some polymers, such as PMMA, strongly absorb water. As a result, PMMA based 
POFBGs are used for developing humidity sensors as the absorption or desorption of moisture 
leads to a change in refractive index and size of the fiber, both of which contribute to a change 
in Bragg wavelength [12–15]. However, PMMA based POFBGs suffer from strong cross 
sensitivity to humidity when they are used to develop strain and temperature sensors. To 
avoid such cross sensitivity to humidity, POFBGs made from a different class of polymers 
called cyclo-olefin copolymers, such as Topas grade 8007 [16,17], and 5013 [18,19], have 
been used as they have very low affinity to water. In addition to this, cyclo-olefin copolymers 
have good chemical inertness to bases and acids, and many polar solvents as compared to the 
conventional PMMA based POFs. They have also low birefringence and superior moldability 
[20]. Some grades of this class of polymers have high operating temperature, such as Topas 
grade 5013 [18,19]. Nevertheless, it is polycarbonate mPOFs, among currently exiting POFs, 
that have the highest operating temperature, having a glass transition temperature of 145 °C 
though it has affinity to water [21]. 
Here we demonstrate for the first time the fabrication of low loss, endlessly single mode 
and humidity insensitive microstructured polymer optical fiber made of Zeonex grade 480R 
with glass transition temperature (Tg) of 138 °C and also the first FBG inscribed in a Zeonex 
mPOF in the important low attenuation 850 nm region. The polymer Zeonex belongs to the 
class of cyclo-olefin polymers, in particular it is an amorphous homopolymer of norbornene. 
Although they are chemically different, Zeonex 480R shares most of Topas 5013 properties 
mentioned above. The difference in chemical structure lies in the presence of ethylene in 
Topas 5013, which is an amorphous ethylene-norbornene copolymer with a higher percentage 
of norbornene [22]. This makes the fabrication of Zeonex mPOF with micron sized holes and 
the writing of an FBG into it non-trivial, even knowing that a holey THz fiber and a step 
index POF could be fabricated in Zeonex [23, 24]. Our demonstration of low loss mPOF and 
FBG fabrication further underlines the excellent potential of Zeonex POF and mPOFs for 
sensing applications. 
2. Advantages of Zeonex 480R over Topas 5013 
Commercial Zeonex 480R rods have been used in the past not only for the fabrication of 
terahertz fibers [23], but also for multicore composite POFs, which consisted of Zeonex and 
PMMA, as Zeonex has a very good compatibility with PMMA in terms of dilatation 
coefficients for co-drawing applications and processing temperature [24]. Zeonex has also 
been used in the fabrication of drawn metamaterial fibers for the terahertz region [25, 26]. 
Recently, custom cast Zeonex 480R has been used as an optical cladding in the fabrication of 
single mode step index humidity insensitive high temperature Topas 5013 core POF [19]. At 
that point in time, Zeonex was worth using only as a cladding material due to its high material 
loss, despite combining Zeonex with different grades of various materials would have allowed 
obtaining the correct refractive index difference to use it as core material. In this work, the 
casting method has been optimized and the material loss has been significantly reduced as we 
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will show later in the article. This polymer is also suitable for engineering applications 
requiring mechanical stability at high temperature, because of its high Tg [27]. 
When considering fabrication of step index or all solid POFs, the differences between 
Topas and Zeonex are not so evident. Contrary, when micron sized air holes are included in 
the material to create a regular microstructure, the superior drawability of Zeonex over Topas 
5013 results in a clear advantage. It allows for more degrees of freedom in fiber design as the 
desired microstructures can be transferred to the final fiber more efficiently. For example, the 
cladding holes are symmetric with only minor distorted shape compared to Topas 5013 
mPOFs. Due to the better stability of the drawing process, fluctuations in the fiber diameter 
are also reduced. The physical properties of Zeonex 480R are indeed well suited for high 
quality fiber drawing. Even if the Tg of Zeonex 480R is rather close to that of Topas 5013, 
134 °C [28], a preform made of Zeonex ends up to be much easier to draw. This fact is a 
direct consequence of Zeonex greater molecular weight, which represents an average polymer 
chain length. The weight-average molecular weight (Mw) of Topas 5013 was measured to be 
76400 g/mol [22] whereas the Mw of Zeonex 480R is approximately 480000 g/mol [29], 
which is six times larger than that of Topas 5013. The melt flow index that is the flowability, 
of a thermoplastic material in general decreases with increasing Mw [30]. Hence, Zeonex 
480R preforms tend to flow slower than Topas 5013 under similar fiber drawing conditions, 
thereby ensuring highly controllable and stable fiber draw processes. The other important 
advantage of having a higher Mw or a lower melt flow rate is that, it can allow getting a wide 
range of drawing temperature and stress. Thus this wide range of drawing stress enables easier 
tuning of the final mechanical properties of the fiber. Nevertheless, it should be noted that 
either too high or too low values of Mw can make the fiber drawing very challenging or even 
unfeasible. The Mw of Zeonex 480R is sufficiently low to avoid this potential problem. 
Similar information can further be found by direct examination of the melt indices for the two 
polymers in the respective datasheets. At 260 °C the melt volume rate of Topas 5013 is 48 
cm3/10 min if a test load of 2.16 kg is used [28]. For Zeonex 480R the melt flow index is 
instead as low as 21 g/10 min with the same load at an even higher temperature, 280 °C [27], 
where the viscosity decreases when the temperature increases. Notice that, although the latter 
index is expressed in g/10 min, its value should not be numerically far from the corresponding 
melt volume rate datum, as the specific volume of Zeonex is in the range of 1.0-1.1 cm3/g, 
between room temperature and its processing temperatures. 
3. Zeonex preform casting and characterization 
3.1 Preform casting 
We cast commercial Zeonex 480R plastic pellets (Zeon Corporation) into an in-house made 
aluminum mold to produce an optical quality solid rod. The casting conditions were 
optimized in order to enhance the transparency of the Zeonex preform and minimize its 
tendency towards yellowing for long processing time at high temperature. Although moisture 
absorption of Zeonex is lower than 0.01% (ASTM D570, 23°C for 24 hours) [27], preheating 
of the polymer granulates is required. In particular, air trapped in the pellets may form 
bubbles and oxygen driven discoloration in the final preform, which consequently will result 
in higher material losses. The best results were obtained by applying a long and stepwise 
preheating phase. Prior to the melting phase, we preheated the preform under vacuum for 1 
day: first at a temperature well below Tg for 16 hours and then around Tg for 8 hours. This led 
to a low-haze preform having significantly higher clarity than the one fabricated in reference 
[19], where Zeonex 480R could only be used as a cladding material due its elevated 
transmission loss. 
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3.2 Refractive index measurement 
The refractive index (RI) of the Zeonex 480R material used in our experiments was measured 
by using a commercially available ellipsometer VASE (J.A. Woollam). It covers a wavelength 
range of 210-1690 nm with a 5 nm and 10 nm resolutions for the range 210-1000 nm and 
1000-1690 nm, respectively. The Zeonex sample used for the refractive index measurement 
had a disc shape with diameter of 25 mm and 10 mm thickness and with a surface roughness 
of 4.23 ± 0.022 nm. Cauchy model was used to fit the dispersion of the material. Figure 1(a) 
displays a direct comparison between the RIs of our own custom made Zeonex and the 
commercially available Zeonex (Zeon Corporation). The RI measurement was performed at 
25 °C. As it can be seen from Fig. 1(a), our dispersion measurement is relatively close to the 
one obtained from the datasheet. The slight deviation between the two measured RIs could be 
attributed to the different molding and optimization approaches used. 
3.3 Bulk material loss measurement 
Bulk material propagation loss was measured within the interval 500-1600 nm based on a 
modified cut-back technique [21]. A 10 cm long initial cylindrical preform, which was 
prepared in the same way as done for the fiber drawing preform, was machined into an 8-step 
structure, with each step being 1 cm long as shown in the Fig. 1(b) inset. A broadband 
supercontinuum source (SuperK Versa, NKT Photonics) was used as an input light source. 
The beam divergence of the supercontinuum source is less than 5 mrad (half angle) and the 
beam diameter is 1 mm and 3 mm at 530 nm and 2000 nm, respectively. 
 
Fig. 1. (a) Material dispersion of Zeonex 480R. (b) Bulk material optical loss of Zeonex 480R. 
Inset: Zeonex step-like structure fabricated to measure the bulk loss. 
The output light from the preform was collected and coupled to an optical spectrum 
analyzer (OSA, Ando AQ6315A) with a 1 mm core 2 m long multimode silica fiber patch 
cable (M35L02, Thorlabs) via an objective lens (10x, Zeiss). The numerical aperture of the 
MM fiber and the objective lens are 0.39 and 0.25, respectively. We made the measurement 
by recording the transmission spectrum for all step. For every step, we rotated the preform in 
order to record the spectrum at a different point and make sure the consistency of the 
measurement hence to minimize the error arising from possible surface defects on the preform 
or source power fluctuation. The rotation of the preform in every step was repeated five times 
and the final bulk loss is the average of the five measurements. Bulk material optical loss of 
Zeonex 480R is shown in Fig. 1(b).The material loss was relatively low in the visible range 
with a minimum recorded loss of 1.32 ± 0.18 dB/m at 689.98 nm while the minimum material 
loss for PMMA was reported to be 0.15 dB/m at 650 nm [31]. In the 500-880 nm region, the 
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loss was found to be less than 2.54 ± 0.21 dB/m. However, the propagation loss significantly 
increased in the near infrared region as shown in Fig. 1(b). 
4. Endlessly single mode Zeonex mPOF fabrication and characterization 
4.1 Fiber fabrication 
The prepared Zeonex solid rod was first machined into a polymer preform with 100 mm 
length and 60 mm diameter. By using a computer numerically controlled drilling machine, 3 
mm holes with a pitch of 6 mm were drilled by 60° drill in a 3-ring hexagonal arrangement. 
The microstructured preform was then drawn down to a 6 mm cane. The cane was sleeved by 
a Zeonex tube, which was also made in house, and drawn to a fiber of 150 µm average outer 
diameter. Both the cane and the fiber were drawn at a temperature of 180 °C. For this 
temperature, the fiber drawing stress was 10 MPa. The core diameter of the fiber is 8.8 μm 
and the average size of holes diameter and the pitch are 2.2 μm and 5.5 μm, respectively. The 
hole to pitch ratio is 0.4 ensuring the fiber being endlessly single mode [32, 33]. A 
microscope image of the Zeonex mPOF end facet, which was cleaved with a custom made 
cleaver at a temperature of 78 °C of both blade and fiber [34], is shown as inset in Fig. 2(a). 
4.2 Fiber characterization 
4.2.1 Loss measurement 
The transmission loss of the fabricated Zeonex mPOF was measured by cut-back method. 
One end of the Zeonex mPOF was connectorized [34] and connected to the visible 
wavelength output of a SuperK SPLIT (NKT photonics) which was connected to a 
supercontinuum source (SuperK Versa, NKT Photonics). The visible output of the SuperK 
SPLIT ranges from 450 nm to 900 nm. The light from the other end of the Zeonex mPOF was 
directed to a 1 mm core 2 m long multimode silica fiber patch cable via collimating (100x, 
Zeiss) and focusing (10x, Zeiss) objective lenses. The numerical apertures of the collimating 
and focusing lenses are 0.75 and 0.25, respectively, and that of the multimode fiber is 0.36. 
The other end of the fiber patch cable was connected to an OSA to record the Zeonex mPOF 
transmission spectrum. The fiber was cut back from 10 m to 50 cm, recording the 
transmission spectrum over 20 different fiber cuts in order to eliminate uncertainties arising 
from power fluctuations, coupling instabilities and cleaving quality. The measured loss profile 
of the Zeonex mPOF is shown in Fig. 2(a). The minimum loss was found to be 2.34 ± 0.39 
dB/m at 690.78 nm. The fiber attenuation in the wavelength ranging from 550 nm to 875 nm 
is less than 3.2 ± 0.42 dB/m. As it can be seen in Fig. 2(a), the propagation loss of this mPOF 
is much lower than the previously reported microstructured [18], and step index TOPAS 
grade 5013 fibers [19], in particular in the visible region. The loss of our Zeonex mPOF is 
also much lower than the multicore step index POF having a core made of a composite of 
Zeonex 480R and PMMA and which has a lowest loss of 8 dB/m at 633 nm [24]. 
4.2.2 Fiber Bragg grating inscription and characterization 
Fiber Bragg gratings were inscribed in the fabricated Zeonex mPOF in order to explore the 
potential of this fiber for sensing, as to our knowledge, no FBGs have been demonstrated in 
this material before. The grating inscription technique and the configuration setup used in this 
work were the same as the ones described in [36]. The phase mask used for the grating 
inscription in the Zeonex mPOF has a 572.4 nm uniform period, making it suitable for writing 
FBGs in polymers fibers in the low loss 850 nm region using a He-Cd 325 nm laser. The 
optimum inscription power for this fiber was found to be 5.5 mW and the corresponding 
writing time was less than 5 minutes. Inscription power higher than this resulted in weak 
gratings and also damaged the fiber, while inscription power lower than 5.5 mW resulted in 
longer inscription time without any improvement in the FBG strength. The writing time was 
shorter than the shortest writing time of 7 minutes reported for endlessly single mode PMMA 
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microstructured POF [36] using 30 mW CW He-Cd laser power. However, it is comparable 
with the inscription time of 4 minutes at a power of 6 mW (CW He-Cd laser) reported for the 
Topas step-index fiber [19], despite the presence of the microstructure which generally affects 
the writing time [37]. However, it is pertinent to note that a writing time as low as 30 seconds 
has been already demonstrated using a pulsed excimer laser in a few mode PMMA mPOF 
[38]. 
 
Fig. 2. (a) Measured transmission loss of  bulk Zeonex 480R (dashed-black), single mode 
Zeonex 480R mPOF (black), single mode Topas 5013 mPOF (blue) [18], and single mode 
Topas 5013 SI-POF (red) [19]. Inset: microscope image of the fabricated Zeonex mPOF.  (b) 
Bragg reflection of the Zeonex mPOF before and after annealing both normalized to the power 
of the non-annealed grating. 
A typical reflection spectrum of a 2 mm long grating inscribed in the Zeonex mPOF is 
shown in Fig. 2(b). The Bragg wavelength is located at 865.24 nm with reflection strength of 
30 dB and a full width half maximum of 0.522 nm. Before humidity, temperature and strain 
characterization, the Zeonex mPOFBG was annealed at 120 °C for 36 hours for stable 
operation of the sensor. After annealing, the grating blue shifted by 33.67 nm. Figure 2(b) 
shows the reflection spectrum of the FBG before and after annealing. Both grating reflection 
spectra, before and after annealing, were recorded with an optical spectrum analyzer and the 
spectra were then normalized to the power of the non-annealed grating. As it can be seen from 
Fig. 3(b) the grating was not degraded by thermal annealing. 
The humidity and temperature responses of the Zeonex mPOFBG were measured using a 
characterization setup as described in [15]. The humidity measurement was done at 50 °C. 
The chamber was programmed to increase the relative humidity (RH) from 10% to 90% with 
a step of 10% RH. The time between each RH step was 1 hour, where 30 minutes was used to 
increase the RH, and 30 minutes was left for stabilization. Figure 3(a) shows the result of this 
process. The total wavelength change observed for the entire process was 60.2 pm and the 
relative humidity sensitivity measured was 0.75 ± 0.42 pm/%RH. The RH sensitivity of 
PMMA mPOFBG in the 850 nm region is 46 pm/%RH, which is 60 times higher than that of 
Zeonex mPOFBG. After reaching the value of 90% RH, the fiber was left inside the chamber 
for 24 hours to further investigate its humidity response. The Bragg wavelength red shifted by 
8 pm in the first 4 hours of the 24 hour period and then blue shifted by 5.8 pm in the 
following 2 hours. These small fluctuations in the Bragg wavelength while the humidity was 
constant were due to the slight instability of the temperature in the chamber with time. The 
Bragg wavelength was almost stable in the remaining 18 hours of the constant 90% RH period 
as it can be seen from Fig. 3(a). 
The temperature characterization was done at a fixed 50% RH by programming the 
chamber to increase the temperature from 20 °C to 100 °C (the maximum stable operating 
temperature of the chamber) and then to decrease it down to 20 °C, with steps of 10 °C 
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gradually within 10 minutes and stabilization time of 60 minutes. Despite the fact that we 
demonstrated the temperature measurement only up to 100 °C, due to the limitation of the 
chamber, it is possible to operate a Zeonex mPOFBG up to 115 – 120 °C as its Tg is 138 °C. 
Figure 3(b) shows the temperature response in the stabilization period for the range 20 °C to 
100 °C at 50% RH. The temperature sensitivity of this fiber is 24.01 ± 0.1 pm/°C for both 
increasing and decreasing temperature. No hysteresis was observed. This is because the 
grating was previously annealed 20 °C higher than the maximum reached temperature. This 
result shows that Zeonex mPOFBG has better temperature sensitivity than that of TOPAS 
5013 mPOFBG [18]. The temperature sensitivity of PMMA mPOFBG in the 1550 nm 
wavelength region is −52 pm/ °C in the range 20 to 89 °C with a grating made in fiber pre-
annealed for 7 hours at 80 °C [39]. 
 
Fig. 3. (a) Humidity response at 50 °C and (b) temperature response at 50% RH of the Zeonex 
mPOFBG. 
The strain response of the Zeonex mPOFBG was studied by mechanically elongating the 
grating and monitoring its reflection spectrum. A supercontinuum source (SuperK Extreme, 
NKT Photonics) was used as a light source and a spectrometer (CCS175-Compact 
Spectrometer, Thorlabs) was used to continuously track the FBG peak during strain test. The 
fiber was clamped and glued to two micro-translation stages, each being two centimeters 
away from the grating. One of the stages was used to apply axial strain to the grating 
manually. Every time a new strain was loaded or unloaded to the grating, 10 minutes was 
given to it to get stable. The fiber was longitudinally strained up to 3% with steps of 0.5%. As 
shown in Fig. 4, the grating shows a linear response with an R-square value of 0.999 with no 
hysteresis. This Zeonex mPOFBG has a strain sensitivity of 0.77 pm/με, for both loading and 
unloading cases. As expected, this value corresponds to the strain sensitivities reported for 
both step index and microstructured Topas 5013 POFBG [18,19] in the range 0-3% strain. In 
the same wavelength region, the strain sensitivities reported for a few [40] and multimode 
PMMA mPOFBG [41] in the range 0-2% and 0-1% strain, respectively, also match the value 
obtained for Zeonex mPOFBG. 
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 Fig. 4. Strain response of the Zeonex mPOFBG at ambient temperature and RH. 
5. Conclusion 
In this work, we have fabricated an endlessly single mode and humidity insensitive mPOF by 
the drill and drawing method. The mPOF was fabricated from norbornene homopolymer 
Zeonex 480R. Zeonex 480R is humidity insensitive and has a glass transition temperature of 
138 °C, making it comparable with the other high operation temperature polymers for optical 
fibers. Two key points are related to the realization of this fiber. On one hand, the 
optimization of the casting method allowed reducing material loss to a level very close to 
other optical polymers, which eventually resulted in low fiber loss. Particularly, it provided an 
optical transmission one order of magnitude better in the short visible wavelengths compared 
to Topas core POFs. On the other hand, the higher molecular weight, compared to the 
ethylene-copolymerized counterpart, allowed for easier fabrication of microstructured fibers. 
Compared to Topas 5013, Zeonex 480R also provides a wider range of drawing temperature 
and stress, which gives more room for tailoring the mechanical properties of the resulting 
fiber to the specific application. The advantage in drawing further ensures a higher 
repeatability of the microstructured fiber in terms of microstructure and diameter. The 
realized mPOF has a core diameter and cladding diameter of 8.8 µm and 150 µm, respectively 
and the minimum measured material and fiber loss are 1.34 ± 0.18 dB/m and 2.34 ± 0.39 
dB/m, respectively, around 690 nm. The measured average material and fiber loss in the 
visible wavelength range are less than 2.5 ± 0.21 dB/m and 3 ± 0.42 dB/m, respectively. A 
fiber Bragg grating was also inscribed in a Zeonex POF for the first time to our knowledge. 
The inscription process took less than 5 minutes with 5.5 mW power using a CW He-Cd laser, 
which we found to be the optimal power to write FBGs in this fiber. Zeonex 480R mPOFBG 
has shown a greater sensitivity to temperature than that of Topas 5013 mPOFBG. 
The improvement in loss compared to Topas fibers allows to access working lengths over 
10 m, required for most of polymer fiber sensors applications. Such achievement opens up the 
way to most of real life applications where the fibers cannot be embedded in water proof 
compounds or in applications where it is not possible to control moisture and the ambient 
conditions. We believe that Zeonex mPOFBGs will replace Topas-based FBGs for 
temperature and strain sensing with no cross sensitivity to humidity and mechanical stability 
at high temperature. Fiber Bragg gratings inscribed in Zeonex mPOFs are particularly suitable 
for engineering applications requiring mechanical stability at high temperature and very low 
moisture absorption. Examples of such applications would span within the automotive and 
composite materials. The low moisture absorption property also enables to realize high 
temperature and strain FBG sensor with no cross sensitivity to humidity. 
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In this Letter, we report for the first time, to the best of
our knowledge, the fabrication and characterization of a
Zeonex/PMMA microstructured polymer optical fiber
(mPOF) Bragg grating sensor for simultaneous monitoring
of relative humidity (RH) and temperature. The sensing
element (probe) is based on two separate in-line fiber
Bragg gratings (FBGs) inscribed in the fabricated mPOF.
A root mean square deviation of 0.8% RH and 0.6°C in
the range of 10%–90% RH and 20°C–80°C was found.
The developed mPOFBG sensor constitutes an efficient
route toward low-cost, easy-to-fabricate and compact
multi-parameter sensing solutions. © 2017 Optical Society
of America
OCIS codes: (060.2280) Fiber design and fabrication; (130.5460)
Polymer waveguides; (060.3735) Fiber Bragg gratings; (060.2370)
Fiber optics sensors.
https://doi.org/10.1364/OL.42.001161
The interest in polymer optical fibers (POFs) sensors is steadily
increasing because of the high flexibility in bending, ease of
handling, and non-brittle nature, which are properties that glass
fibers do not have [1,2]. In addition, POFs have a high-yield
strain with low Young’s modulus and are biocompatible, which
makes them advantageous for fiber Bragg grating (FBG)-based
strain and bio-sensing applications [3–6]. Moreover, some pol-
ymers such as PMMA are humidity sensitive and strongly ab-
sorb water [7], while other polymers such as Topas and Zeonex
were shown to have a very small affinity to water [8–10]. Due
to the unique intrinsic properties of POFs, researchers have de-
veloped different single-parameter POFBG sensors to measure
strain, temperature, humidity, pressure, and so on [11–14], but
limited research has been carried out on the development of
multi parameter sensing using POFBGs [15–17]. Particularly,
simultaneous measurement of the relative humidity (RH)
and temperature using POFBGs has not been achieved,
although simultaneous monitoring of these two environmental
parameters is critical in several areas such as industrial food
processing and biomedical areas. The only work reported so
far involving the simultaneous measurement of RH and tem-
perature with the inclusion of a single-mode POFBG was by
Zhang et al. [15]. The sensor head was fabricated by cascading
silica FBG and PMMA POFBG. Despite the proposed fiber
sensor exhibiting a well-conditioned response, cascading the
silica with the polymer fiber with optical adhesive presents
some challenging issues. Most of the commercially available
optical adhesives cannot maintain their mechanical stability
above a certain temperature and RH levels. Consequently, such
sensing devices exhibit limited and narrow operational range.
Oliveira et al. demonstrated a multi-parameter fiber optic
sensor based on a multimode POFBG in an interferometer
configuration [17]. The proposed sensor has a sensing element
which requires gluing a multimode POF with a silica fiber, and
this eventually reduces the sensor mechanical stability. In
addition, it is difficult to accurately track the response of multi-
mode FBGs and, therefore, these sensing devices suffer from
low accuracy and resolution. The lack of consistently tracking
of the multimode FBGs makes the ability to monitor humidity
almost impossible. However, to date, several thermo‐hygrom-
eters were realized with dual in-line FBGs recorded in a
standard silica fiber, where one of the FBGs was coated with
a humidity sensitive material such as polymer and silica nano-
sphere films [18,19]. Here we demonstrate the first endlessly
single-mode mPOFBGs for direct and simultaneous measure-
ment of RH and temperature by combining the main material
properties of two widely-known polymer materials (Zeonex and
PMMA). One of the main advantages of the current fiber
sensor is that it relies exclusively on polymer materials.
The presented mPOF was fabricated in-house at DTU
Fotonik. The polymers used for the fiber fabrication are
Zeonex 480R produced by Zeon Corporation and commercial
PMMA from Nordisk Plast A/S. First, a Zeonex 480R cane was
fabricated as described in [10]. The Zeonex cane was then
sleeved with a Zeonex tube which was further sleeved with
a PMMA tube, thereby forming an outer over-cladding. The
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Zeonex/PMMA secondary preform was then drawn to a fiber
of ∼150 μm diameter. The final fiber consisted of ∼100 μm
inner diameter of Zeonex material and ∼25 μm outer layer
of PMMA. The core diameter of the fiber was ∼8 μm, and
the hole-to-pitch ratio was 0.42, ensuring that the fiber was
endlessly single mode (ESM) [20]. An optical microscope im-
age of the Zeonex-PMMA mPOF end facet is shown in Fig. 1.
From the fabricated fiber, a 50 cm long piece was connectorized
with FC/APC fiber connector [21]. At the other end of the
connectorized mPOF, 5 cm long PMMA over-cladding was
etched out with acetone (laboratory reagent, ≥ 99.5%,
Sigma-Aldrich), thus leaving only the inner Zeonex in this sec-
tion, as shown in Fig. 2(a) [22]. It should be noted that Zeonex
is acetone resistant polymer and, thus, remained unaffected
during the etching process [23].
An FBG (FBG1) with a Bragg wavelength at 865.62 nm was
first inscribed in the PMMA etched section of the connector-
ized mPOF. In order to shift the Bragg wavelength of FBG1, it
was annealed in a conventional oven at 90°C for ∼3 h which
resulted in a permanent blueshift down to 847.79 nm. After
annealing, a second FBG (FBG2) was inscribed 2 cm away from
FBG1 in the section where the PMMA over-cladding was still
intact. The Bragg wavelength of FBG2 was measured to be
866.11 nm. The FBG inscription technique and the configu-
ration setup used in this Letter have been previously described
in [24]. The two FBGs were finally annealed together in an
environmental controlled climate chamber (CLIMACELL,
MMM group) at 85°C and 90% RH for 24 h to ensure stable
operation of the final sensor [13]. The final locations of the
Bragg wavelengths of FBG1 and FBG2 after annealing were
found to be 841.21 and 855.32 nm, respectively. Figure 2(a)
shows a schematic representation of the physical locations of
the two gratings, and Fig. 2(b) shows their corresponding re-
flection spectra at ambient conditions. The two main reasons
for using these two particular materials (Zeonex and PMMA)
are (1) it has already been demonstrated that Zeonex is
humidity insensitive, while PMMA is highly sensitive to
humidity [10,13]; and (2) these two materials are compatible
in terms of dilatation coefficients for co-drawing [25]. The
basic principle behind humidity measurement with the
Zeonex/PMMA mPOF relies on the swelling effect caused
by PMMA over-cladding while it absorbs moisture, thus induc-
ing an indirect strain on the FBG2, effectively leading to a shift
in the Bragg wavelength.
When we started the design and development of the sensor
for simultaneous measurement of temperature and humidity,
the first attempt involved the use of a dual grating inscribed
in a pure PMMA mPOF. The gratings were superimposed at
a single point by using two phase masks, one after the other.
The two gratings were inscribed at 780 and at 850 nm [26].
The RH response of the developed sensor was determined, and
sensitivities of 40 and 46 pm/%RH were obtained for the
shorter and longer Bragg wavelength, respectively. We also at-
tempted to measure the temperature sensitivity of the dual
FBGs several times at different RH levels, but it was challeng-
ing to accurately determine using our climate chamber. This
was because the humidity sensitivity of the PMMA mPOF
was significantly high and, therefore, it was causing a consid-
erable influence on the temperature response for 1% RH pre-
cision of our climate chamber. In order to overcome this
problem, we pre-strained the grating which led to an increase
in temperature sensitivity and a decrease in humidity sensitivity
[27,28]. Based on this approach, we successfully measured both
parameters. However, the adhesive used to fix the strained fiber,
was softening; thus, the fiber tended to slip when the temper-
ature and the RH were increased beyond 60°C and 70% RH
levels, respectively. Therefore, this experimental limitation did
not allow us to fully investigate the potential of the sensor over
its maximum operational limits. In addition, the aforementioned
approach required additional mechanical components to main-
tain the fiber strained, thus making the idea of a compact sensing
system, for instance, suitable for structural health monitoring,
even more challenging. Moreover, the two gratings required
being distinctively apart from each other in wavelength in order
to obtain a well-conditioned response. Even though dual gratings
that are distinctively apart provide a well-conditioned response,
the use of a very broad light source such as supercontinuum
sources is required to interrogate the gratings which increases
the cost of the sensor system. Last but not least, the requirement
of two different phase masks for writing the two gratings further
increases the cost of the sensor development.
We also considered Topas 5013S-04 as the fiber core
material because of its low water affinity compared to
PMMA. However, due to the high flowability of Topas,
it was impossible to draw it with a PMMA sleeve while still
maintaining the microstructure during the drawing process.
Fig. 1. Optical microscope image of the fabricated ESM Zeonex-
PMMA mPOF.
Fig. 2. (a) In-line dual FBGs configuration. (b) Normalized Bragg
reflection spectrum of FBG1 and FBG2.
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Topas was flowing very fast inside the PMMA sleeving tube and
collapsing to produce a step index structure, which was not de-
sirable, as the resulting fiber was highly multimoded. At the same
drawing conditions, Zeonex 480R shows flowability properties
more suited for fiber drawing than that of Topas 5013S-04.
In particular, at the same draw temperature, the flowability of
Zeonex is lower than that of Topas 5013S-04. In addition, a mul-
ticore step index fiber has already been fabricated based on Zeonex
480R and PMMAwhich confirms that the compatibility of these
two materials is well suited for co-drawing [24].
The calibration of the fabricated sensor was made in a cli-
mate chamber (CLIMACELL, MMM group) with a RH and
temperature precision of 1% and 0.3°C, respectively, in the
range 20°C–100°C and 10%–90% RH. A supercontinuum
source (SuperK Compact, NKT Photonics) was used as a
broadband light source, and a spectrometer (CCS175 -
Compact Spectrometer, Thorlabs) was used to continuously
track and record the reflection spectrum from the sensors dur-
ing the experiments. First, the RH calibration was performed at
50°C by increasing the RH from 10% to 90% in steps of 10%
RH. The chamber was programmed to change the RH in a
minute and then to maintain the environmental conditions
stable for 30 min for each step. Figure 3 shows the humidity
responses of both FBG1 and FBG2 at 50°C. The temperature
calibration was done in the range 20°C–80°C at 50% RH, fol-
lowing the RH measurement. The chamber was programmed
to ramp the temperature by 10°C in 30 min and then to
maintain the environmental conditions constant for 30 min.
Figure 4 shows the temperature responses of both FBG1
and FBG2 at 50% RH.
A suitable model for the responses of the two FBGs, includ-
ing the nonlinear humidity response of FBG2, is
Δλ1  α1ΔT  β1ΔH; (1)
Δλ2  α2ΔT  β2ΔH  γ2ΔH 2; (2)
where Δλ1 and Δλ2 are the Bragg wavelength shifts of FBG1
and FBG2, respectively, as a result of changes in RH ΔH and
temperature ΔT . By combining (1) and (2) we derive the
following expression for the change in RH:
ΔH  1
2γ2

α2
α1
β1 − β2 
ﬃﬃﬃﬃ
D
p 
; (3)
where
D  β2 −
α2
α1
β12 − 4γ2

α2
α1
Δλ1 − Δλ2

:
Once the coefficients α1;2; β1;2 and γ2 have been determined
by fitting the polynomial equations to the calibration data, we are
then able to determine the RH using Eq. (3) and, subsequently,
the temperature from Eq. (1) by simultaneously measuring the
Bragg wavelength shifts of the two FBGs. By fitting the data in
Figs. 3(b) and 4(b), we found the following parameters, with
ΔT  0 at T  50°C and ΔH  0 at H  50% RH corre-
sponding to Δλ1  Δλ2  0, and the stated uncertainties are
the standard errors of the fitting parameters shown in Table 1.
Using these coefficients, we reconstructed the values mea-
sured during the calibration from the corresponding measured
values of λ1 and λ2; see Fig. 5. The root mean square deviations
of the reconstructed values were 0.8% RH and 0.6°C for the
RH and temperature, respectively, which should be compared
with the precision of the climate chamber of 1% RH and
0.3°C. These results show that the proposed sensor system
is a viable way of effectively separating the responses to temper-
ature and humidity. In order to estimate the resolution of the
sensor, which is limited by the resolution related to the detec-
tion of λ1 and λ2, we calculated the combined variance:
Fig. 3. (a) Measured humidity response and (b) corresponding stabilized humidity response of FBG1 and FBG2 at 50°C. The dashed lines
correspond to a linear fit of FBG1 data and a second-order polynomial fit of FBG2 data.
Fig. 4. (a) Measured temperature response and (b) corresponding stabilized temperature response of FBG1 and FBG2 at 50% RH. The dashed
lines correspond to the linear fitting of the data.
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σ2H 

∂ΔH
∂Δλ1
σλ

2


∂ΔH
∂Δλ21
σλ

2
; (4)
σ2T 

∂ΔT
∂Δλ1
σλ

2


∂ΔT
∂Δλ21
σλ

2
; (5)
where σλ is the standard deviation related to the detection of
Δλ1 and Δλ2, which was measured to be 5 pm during the
experiments. Using Eqs. (3)–(5), the RH and temperature
resolution of the sensor at a 68% confidence level can be ex-
pressed as
σH  σλ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
D

1 α
2
2
α21
s
and
σT 
σλ
jα1j
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 α2
α1
β1ﬃﬃﬃﬃ
D
p

2
 β
2
1
D
s
: (6)
Figure 6 shows the RH and temperature resolution of the
sensor calculated using Eq. (6).
As can be seen from Fig. 6(a), due to the nonlinear humidity
response of FBG2, the RH resolution is not constant over the
sensing range. It improves at higher levels of RH due to the
increased sensitivity, whereas it remains invariant to tempera-
ture changes, as can be seen from Fig. 6(b).
In conclusion, we reported an all-fiber sensor suitable for the
simultaneous measurement of the temperature and humidity
using mPOFBGs. The fiber was fabricated from two types
of polymers: Zeonex, which has a low affinity to water, and
PMMA, which is highly humidity sensitive. Root mean square
deviations of 0.8% RH and 0.6°C were observed in our
experimental results in the measured range of 10%–90% RH
and 20°C–80°C. The developed sensor system offers a number
of advantages such as ease of fabrication, cost-effectiveness, and
compactness. In addition, as the Bragg wavelengths of the two
gratings are close to each other, it would be possible to use not
only a low-cost light source to interrogate the grating but also
the multiplex multiple dual gratings in a single fiber. Moreover,
only one phase mask is required for the FBG inscription, thus
making the development of the sensor cost-effective.
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Fig. 5. Reconstruction of the temperature and RH from the
measured values of λ1 and λ2.
Fig. 6. RH and temperature resolution of the sensor as a function of
(a) RH and (b) temperature.
Table 1. Standard Errors of the Fitting Parameters
i αi (pm/°C) βi (pm/% RH) γi (pm/(% RH)
2)
1 −23.9 0.4 1.4 0.1 —
2 −15.1 0.1 6.4 0.5 0.057 0.004
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